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Abstract 
 
Linear dichroism in Near Edge X-ray Absorption Fine Structure (NEXAFS) 
spectroscopy has been used to determine molecular orientation at surfaces and in 
microscopic domains. However, the molecular orientation of n-alkanes cannot be 
derived unambiguously from their NEXAFS spectra due to the inadequate 
understanding of the character of the relevant spectroscopic features in the NEXAFS 
spectra of n-alkanes (i.e. C 1s → σ*C-H, C 1s → σ*C-C transitions). 
We have studied linear dichroism in the NEXAFS spectra of hexacontane (HC, n-
C60H122) thin films by using angular dependent NEXAFS spectroscopy. The HC thin 
films were epitaxially grown onto the cleaved NaCl (001) surfaces by physical vapor 
deposition. NEXAFS spectra of these HC thin films were acquired at different angles 
using STXM microscopy. A detailed analysis of the angular dependence of the 
NEXAFS spectra of the HC thin film helps us to understand the relationship between 
the form of linear dichroism and the molecular orientation in n-alkane molecules. This 
linear dichroism in the NEXAFS spectroscopy of n-alkanes is relevant for quantitative 
measurements of molecular orientation, such as for the microanalysis of crystalline 
organic materials.  
Linear dichroism for the NEXAFS resonances of n-alkanes has also been studied 
by ab initio calculations. These calculations were carried out on an isolated n-alkane 
molecule and a cluster of n-alkane molecules. The calculations on an isolated n-alkane 
molecule are used to study linear dichroism for the NEXAFS resonances above the C 
1s ionization potential. The cluster calculations account for the matrix effects, 
particularly for the NEXAFS resonances below the C 1s ionization potential. These 
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calculations help us to understand the character and linear dichroism in the NEXAFS 
spectra of n-alkanes.   
The film morphology and molecular orientation of n-alkane thin films have also 
been investigated by the NEXAFS spectroscopy and microscopy. Thin films of 
hexacontane (n-C60H122) and hexatriacontane (n-C36H74) were epitaxially grown onto 
cleaved NaCl (001) surfaces by physical vapor deposition. It is found that the film 
morphology and molecular orientation of n-alkane thin films depend on the alkane 
chain length and deposition parameters, such as substrate temperature. These 
observations have been rationalized by consideration of the kinetics and 
thermodynamics of nucleation and film growth. 
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Chapter 1 Introduction 
Linear dichroism (LD) observed in Near Edge X-ray Absorption Fine Structure 
(NEXAFS) spectroscopy is used frequently to measure the orientation of organic 
materials such as surface adsorbed molecules (Stöhr 1992), ultrathin films (Zharnikov 
et al. 2001), crystalline polymers (Smith et al. 1996; Croll et al. 2003), and rubbed 
polymer surfaces (Stöhr et al. 1998). The relationship between the molecular 
orientation and the LD in the NEXAFS spectroscopy of unsaturated species is well 
established. However, the relationship between the molecular orientation and LD in the 
NEXAFS spectroscopy of saturated species, such as n-alkanes, is poorly defined. 
Therefore, the primary goal of this project is to provide an experimental measurement 
of the LD in the NEXAFS spectroscopy of n-alkane thin films. The detailed research 
objectives are described in §1.8. 
The theory of NEXAFS spectroscopy and its applications to qualitative, 
quantitative, and orientation analysis of organic materials are presented in §1.1. The 
concept of LD is introduced in §1.2, including the definition of LD, symmetry 
considerations, and the application of LD for orientation analysis. The specific 
application of LD in NEXAFS spectroscopy and microscopy is given in §1.3 and §1.4, 
respectively. The NEXAFS spectroscopy of n-alkanes is introduced in §1.5. The n-
alkane thin film preparation method employed in this project, epitaxial growth, is 
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introduced in §1.6. The morphology of these thin films is interpreted by various thin 
film growth mechanisms that are introduced in §1.7.  The research objectives of this 
project are presented in §1.8. 
1.1 Near-Edge X-ray Absorption Fine Structure (NEXAFS) 
The intensity of X-rays transmitted through a sample decreases due to X-rays 
absorption. Depending on the energy of X-rays, the absorbed X-rays can excite core 
electrons from different levels in an atom or a molecule. Based on the origin of the 
excited electron, the absorption edge can be classified as K-edge (corresponding to the 
excitation of a 1s electron.), L-edge (LI-, LII-, and LIII-edge corresponds to the 
excitation of a 2s, 2p1/2, and 2p3/2 electron, respectively), and so on. Figure 1.1 presents 
a typical X-ray absorption cross section as a function of the X-ray energy (Teo 1986).  
 
Figure 1.1 Definition of X-ray absorption edge (Teo 1986).  
 
With the increase of photon energy, the X-ray absorption cross section that 
describes the probability of absorption decreases. However, when the photon energy 
corresponds to the binding energy of a core electron, the X-ray absorption cross section 
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increases abruptly, and then decreases monotonically above the core edge. Thus an 
edge-like structure is observed in the absorption spectrum. 
X-ray absorption cross section 
The X-ray absorption cross section and optical oscillator strength are the two main 
factors to describe the absorption probabilities. The absorption cross section is defined 
as the number of electrons excited per unit time divided by the number of incident 
photons per unit time per unit area (Stöhr 1992). Within the dipole approximation the 
X-ray absorption cross section is given by (Stöhr 1992) 
)(E14 2
2
2
22
E
c
e
m
fifx ρψµψω
pi
σ •=
hh
h
                                                                 (1.1) 
where σx is the X-ray absorption cross section in cm2, which is usually expressed in 
barn (1 cm2 = 1024 barn), ħ = h/2pi, h is the Planck constant, c is the speed of light, e is 
the electron charge, m is the mass of the electron, ħω is the photon energy, E is the 
electric field vector of X-ray photons, µ is the dipole operator, ψf is the wavefunction 
of the final state, ψi is the wavefunction of the initial state, and ρf (E) is the energy 
density of the final state. 
 Eq. (1.1) is the basis of theoretical calculations of X-ray absorption spectra. The 
outcome of these theoretical calculations is often expressed as the optical oscillator 
strength f, which is related to the X-ray absorption cross section by (Stöhr 1992) 
dE
dfCEx =)(σ                                                                                                              (1.2) 
where C = 2pi2e2ħ/mc = 1.1 × 102 Mb eV (1 Mb = 1 megabarn). f is the energy integral 
of the X-ray absorption cross section, and therefore, a measure of the intensity of a 
 4 
resonance. The optical oscillator strength is often quoted as an “f number” (Stöhr 
1992) 
2E2 if
m
f ψµψ
ω
•=
h
                                                                                            (1.3) 
The calculated oscillator strengths f for transitions can be converted to X-ray 
absorption cross section by use of Eq. (1.4) (Stöhr 1992) 
)(2)(
22
Ef
mc
eE fx ρ
pi
σ
h
=                                                                                             (1.4) 
X-ray absorption spectrum 
Generally, the X-ray absorption spectrum can be divided into two parts, the Near 
Edge X-ray Absorption Fine Structure (NEXAFS) that corresponds to the absorption 
up to ~50 eV above the absorption edge and Extended X-ray Absorption Fine Structure 
(EXAFS), which corresponds to the absorption up to 1000 eV above the absorption 
edge. EXAFS spectroscopy is used mostly in the study of inorganic species for 
determining the numbers, types, and distances of the backscattering atoms surrounding 
the absorbing atoms (Lee et al. 1981).  For example, the Mn K-edge EXAFS spectra 
are used to investigate the oxygen evolving complex (Mukhopadhyay et al. 2004). 
However, core edges in low Z atoms are too close together to permit EXAFS analysis. 
For organic molecular species, the NEXAFS part of the spectrum is the most useful. 
Principles of NEXAFS spectroscopy 
Figure 1.2 outlines the principles of NEXAFS spectroscopy. Near the K-shell 
absorption threshold, a series of fine structures are superimposed on the absorption 
edge. In organic molecules, these fine structures are dominated by resonances arising 
from transitions of 1s core electrons to unoccupied pi* or σ* orbitals, depending on the 
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covalent bonding in the molecule, as well as to Rydberg orbitals (left side of this 
Figure). The characteristic features of the K-shell spectrum are shown in the right part 
of this figure. The NEXAFS spectrum is usually dominated by two types of 
resonances, with the ionization potential (IP) as a boundary. Resonances below the IP 
correspond to the excitation of a core electron to a bound orbital.  These orbitals are 
usually of pi* or Rydberg character and sometimes of σ* character for saturated 
species, such as n-alkanes. These resonances are usually sharp and well-defined. 
Resonances above the IP usually correspond to the excitation of a core electron to an 
unbound orbital of σ* character, as well as double excitation. These resonances are 
usually broad. At the IP, a step-like increase is observed, from the onset of the core 
edge (cf. Figure 1.1).  
 
 
Figure 1.2 Schematic illustration of a NEXAFS spectrum 
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NEXAFS spectroscopy can be used for qualitative analysis of organic materials to 
obtain information like which element and what functional groups are present in the 
sample. This spectroscopy can also be used to quantitatively determine the chemical 
composition of a complex polymer. Furthermore, polarization dependent NEXAFS 
spectroscopy allows orientation analysis. These capabilities of NEXAFS spectroscopy 
will be described below. 
1.1.1 Qualitative analysis of NEXAFS spectroscopy 
The chemical sensitivity of NEXAFS spectroscopy arises from several factors. 
Each element has a characteristic electron binding energy. For example, the binding 
energy of Carbon 1s is ~285 eV, Nitrogen 1s ~410 eV, Oxygen 1s ~543 eV, and 
Fluorine 1s ~ 696 eV (Stöhr 1992; Thompson et al. 2001), therefore, NEXAFS has 
elemental sensitivity. Secondly, NEXAFS spectroscopy is sensitive to the bonding 
within different functional groups (Ade et al. 1992; Ade 1997; Smith et al. 2001; Dhez 
et al. 2002). For example, the C 1s → pi*C≡N transition of the acrylonitrile group occurs 
at 287 eV in poly(styrene-r-acrylonitrile) and the C 1s → pi*C=C transition of the phenyl 
ring occurs at 285 eV. For the phenyl ring, the symbol “pi*C=C” is used to denote the 
delocalized pi*
 
structure in the phenyl ring for typographical convenience. The origin of 
the energy shift of core → pi* transitions in different functional groups is due to 
differences in the unoccupied orbital energy as well as that of the C 1s core level. This 
effect is illustrated in Figure 1.3 (Ade et al. 2002). The y-axis of this figure shows the 
energy relative to the vacuum level for the carbon 1s orbitals (e.g the ionization 
potential), as well as the energy of the unoccupied molecular orbitals of the C≡N group 
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and the C=C group in the phenyl ring (usually identified as the term value). The carbon 
1s ionization potential for C≡N is greater than that for a C=C bond in the phenyl ring, 
due to the electronegativity of the nitrogen atom in the acrylonitrile group. The term 
value of the pi*C≡N molecular orbital is larger than that of pi*C=C in the phenyl ring. 
Considering both the 1s ionization potential and the unoccupied orbital term value, the 
transition energy of C 1s(Ph) → pi*C=C(Ph) transition is less than that of the C 1s(C≡N) → 
pi*C≡N transition. Therefore, the first transition at 285 eV is the electronic transition of 
C 1s(Ph) → pi*C=C(Ph) in the phenyl functional group and the second transition at 287 eV 
corresponds to the C 1s(C≡N) → pi*C≡N transition of the acrylonitrile functional group. 
 
Figure 1.3 Electronic schematic for the NEXAFS photoabsorption spectrum of 
poly(styrene-r-acrylonitrile) (Ade et al. 2002) 
 
This functional group sensitivity of NEXAFS spectroscopy has been studied 
widely. Figure 1.4, for example, shows NEXAFS spectra of a series of carbon 
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containing organic compounds: polyethylene (PE), poly(methyl methacrylate) 
(PMMA), polystyrene (PS), poly(bromo-styrene) (PBrS), and polycarbonate (PC) 
(Smith et al. 2001).  
 
Figure 1.4 C 1s NEXAFS spectra of organic compounds (Smith et al. 2001) 
 
Saturated PE has a relatively simple X-ray absorption spectrum, with two broad 
resonances at 287.8 eV and 292 eV, corresponding to C 1s → σ* transitions. The 
NEXAFS spectra of unsaturated compounds exhibit a complex structure. In PMMA, 
the sharp and intense peak at 288.4 eV corresponds to C 1s(C=O) → pi*(C=O) transition, 
while in PC, this transition shifts to higher energy (290.4 eV) due to the inductive 
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effect of the two oxygen atoms adjacent to the carbonyl group. In PC, PBrS, and PS, 
the C=C group in the phenyl ring has a similar chemical environment, and therefore, 
the intense peak at 285.0 eV, corresponding to C 1s → pi*C=C in the phenyl ring, is 
observed in these three compounds. However,  comparison of the spectra of PBrS and 
PS reveals that the substitution of Br in the para position on the phenyl ring shifts the 
C 1s binding energy of this substituted carbon atom to higher energy. Therefore a small 
sharp peak at 286.4 eV is observed, just above the most intense C 1s → pi*C=C in the 
NEXAFS spectrum of PBrS.  
Figure 1.5 Spectroscopic correlation diagram for the expected energies of the C 1s → 
pi*C=O transitions (top) and the O 1s → pi*C=O transitions (bottom) in molecules 
containing the carbonyl group (Urquhart et al. 2002) 
 
The chemical sensitivity of NEXAFS spectroscopy is useful not only in 
identifying functional groups, but also in establishing spectroscopic correlation 
diagrams for the same group in different chemical environments. Urquhart and Ade 
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(Urquhart et al. 2002) explored the chemical sensitivity of  carbonyl core (C 1s, O 1s) 
→ pi*C=O transitions in C 1s and O 1s NEXAFS spectra for a series of carbonyl 
containing compounds in different bonding environments. A spectroscopic correlation 
diagram for the expected energies of the C 1s → pi*C=O transitions and O 1s → pi*C=O 
transitions in molecules containing the carbonyl group is shown in Figure 1.5  
NEXAFS spectroscopy is also sensitive to electronic delocalization. For example, 
in the ring substitution isomers of 1,2- dimethyl phthalate, 1,3- dimethyl phthalate, and 
1,4- dimethyl phthalate (Urquhart et al. 1997), the energy of C 1s → pi*C=C and C 1s → 
pi*C=O transitions shifts due to the changing nature of pi*C=C and pi*C=O mixing in the 
isomers.  
The above examples qualitatively illustrate that NEXAFS spectroscopy can be 
employed to obtain information about organic materials, such as element species, 
functional group, substitution effect, electronic dislocalization, etc. In addition, 
NEXAFS spectroscopy can also be used for quantitative analysis of organic materials. 
1.1.2 Quantitative analysis of NEXAFS spectroscopy 
The basis for quantitative analysis of NEXAFS spectroscopy in transmission 
measurements is the optical Beer-Lambert law; the photon transmission is converted to 
optical density (OD) according to 
)ln(
0I
IOD −=                                                                                                              (1.5) 
where for a given X-ray energy, 0I  is the incident flux of the X-ray beam, I is the 
transmitted flux through the sample, and ln is the natural logarithm. The OD is related 
to the sample’s properties by: 
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ttOD l ⋅=⋅⋅= µρµ                                                                                                     (1.6) 
where µ (cm2/g) is the mass absorption coefficient, ρ (g/cm3) is the density of the 
material, t (cm) is the sample thickness, and µl (cm-1) = µρ is the linear absorption 
coefficient. The mass absorption coefficient µ is a function of the atomic absorption 
cross section σa (cm2) and atomic mass A (g/mol) according to (Thompson et al. 2001) 
a
A
A
N
σµ =                                                                                                                   (1.7) 
where NA is the Avogadro number. 
 Thus the experimentally measured OD and the theoretically calculated oscillator 
strength, f, have the following relationship by combination of Eq.(1.4), (1.6), and (1.7) 
fEt
mc
e
A
NOD fA )(
2 22 ρρpi h=                                                                                       (1.8) 
i.e., the experimental OD is proportional to the calculated f. They both represent the 
strength of a transition. 
 The chemical composition of polyurethane samples have been investigated by 
NEXAFS spectroscopy (Urquhart et al. 1999). The results indicate that with the 
appropriate model compounds, C 1s NEXAFS spectroscopy can determine the 
chemical composition of a complex polymer such as polyurethane at the 10% molar 
level. This is relevant for chemical microanalysis by X-ray microscopy. In addition, 
quantitative maps of polystyrene (PS) and poly(methyl methacrylate) (PMMA) blend 
polymers have also been obtained by NEXAFS microscopy (Urquhart et al. 1999). 
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1.1.3 Orientation analysis of NEXAFS spectroscopy 
While the transition energy and intensity for a NEXAFS feature depends on the 
presence of elements and their bonding in specific functional groups, the intensity of a 
specific transition also depends on the orientation of the transition dipole moment 
associated with that transition relative to the polarization vector of the linearly 
polarized X-ray beam. Therefore, NEXAFS spectroscopy is sensitive to molecular 
orientation. This linear dichroism will be introduced in §1.2. The orientation analysis 
of NEXAFS spectroscopy will be presented in §1.3. 
1.2 Linear Dichroism (LD) 
Linearly polarized electromagnetic radiation (EMR) 
Linear dichroism (LD) (Norden 1978; Rodger et al. 1997; Schellman et al. 1997) is 
the anisotropic absorption of plane or linearly polarized electromagnetic radiation 
(EMR). EMR has electric and magnetic fields. These two fields are orthogonal to each 
other and perpendicular to the direction of propagation, as illustrated in the left side of 
Figure 1.6. When considering the polarization of EMR, the electric field vector (E 
vector) is described and the magnetic field B is usually ignored as the B vector is fully 
defined relative to the E vector and the propagation direction. The oscillating electric 
field E (x, t) of EMR along the x-direction is written as 
})2(2cos{),( 0 φλ
pi
piν +−= xtEtxE                                                                              (1.9) 
where E0 is the amplitude of the electric field, λ is the wavelength, ν is the frequency, 
and φ is the phase of the light wave. In linearly polarized EMR, the electric field 
oscillates in a single plane as illustrated in Figure 1.6 (right).  
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Figure 1.6 (left) E vector, B vector, and propagation direction of electromagnetic 
radiation (EMR) wave are orthogonal to each other. (right) Linearly polarized EMR.  
 
Transition dipole moment (TDM) 
When a molecule absorbs a photon of EMR with the appropriate energy, hν, to 
excite it from its ground or initial state, ψi, to its excited or final state, ψf, the electric 
field of the EMR relocates the electrons to a new stationary state, where the electron 
distribution in the molecule is reorganized for minimal total energy. The effect of the 
electric field is to cause a linear rearrangement of charge. The net linear displacement 
of charge during any transition is called the electric transition dipole moment (TDM) 
 fiif ψµψµ =                                                                                                        (1.10)  
where µ  is the electric dipole moment operator, which defines the polarization of the 
transition according to  
ii
i
ii
i
ii
i
zyx zeyexe ∑∑∑ ++=++= µµµµ                                                             (1.11)  
where xµ , yµ  and zµ  are electric dipole moment operators along the x, y, and z 
directions, respectively, ie  represents the charge on the i
th
 particle, and ix , iy , iz  are 
its Cartesian coordinates.  
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Dipole selection rule 
The excitation of K-shell electrons is often discussed within the dipole 
approximation (e.g. Eq. 1.1) (Stöhr 1992). Therefore, the transition between the initial 
state ψi and final state ψf is governed by the dipole selection rule. A transition dipole 
moment ifµ  must be zero if the integrand along all of the three components is not 
totally symmetric under the symmetry operations of this system. An electric dipole 
transition is allowed along x, y, or z polarization planes if the direct product of the 
representations of the two states concerned if Γ⊗Γ  is or contains the irreducible 
representation to which x, y, or z, respectively, belongs (Somers et al. 1989; Cotton 
1990).  
Intensity of a transition  
The intensity of an electric dipole allowed transition is the dot product of the E 
vector of light and the TDM of that transition, as given by (Charney 1988; Stöhr 1992; 
Rodger 1993)  
θµµ 2222 cosifif EEI =•∝                                                                                (1.12) 
where E is the polarization of the electric field vector of the light and θ is the angle 
subtended between E and ifµ . Clearly, the strength of a transition depends on the 
orientation of the TDM ( ifµ ) associated with that transition relative to the direction of 
E, which is illustrated in Figure 1.7. The E vector of the light, in this diagram, is in the 
plane of the paper. In this example, the molecule has two electric dipole allowed 
transitions with TDM µif1 (in the plane of the paper) parallel to the E and TDM µif2 (out 
of the plane of the paper) perpendicular to the E, respectively. In the hypothetical 
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absorption spectrum, light polarized parallel to the TDM (µif1) has maximum 
probability of absorption (A1, dashed line) and, on the contrary, if the polarization of 
the light is perpendicular to the TDM (µif2) no absorption (A2, solid line) takes place 
for that transition (Rodger 1993). 
 
Figure 1.7 Linear dichroism of absorption (Rodger 1993).  
 
 Thus, the linear dichroism can be analyzed to derive the orientation of the TDM 
for a transition with respect to the polarization of incident light provided that the E 
vector of the incident light is known. If the TDM for a transition is known, then the 
orientation of an oriented molecule can be determined from this linear dichroism. 
Linear dichroism studies are widely used to measure the orientation of 
biomaterials, such as DNA, proteins, polypeptides (Charney 1988), and self-assembled 
monolayer (SAMs), Langmuir-Blodgett (LB) films, rubbed polymers (Samant et al. 
1996), etc. Linear dichroism studies can be carried out by a variety of spectroscopic 
techniques such as attenuated total reflectance (Pelletier et al. 2003), infrared reflection 
absorption spectroscopy (Pelletier et al. 2002; Pelletier et al. 2003), and polarization 
modulation infrared reflection absorption spectroscopy (Pelletier et al. 2002). Raman 
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spectroscopy can also be used to derive molecular orientation (Ianoul et al. 1999; 
Rousseau et al. 2004).  
NEXAFS spectroscopy has been used to study the linear dichroism of organic 
materials, such as n-alkanes. Figure 1.8 is an example showing the linear dichroism in 
the NEXAFS spectroscopy of a well ordered n-alkane thin film from our work. The 
solid line represents the spectrum when the E vector is perpendicular to the 
macromolecular axis, which exhibits maximum intensity in the resonances at ~288 eV. 
The dashed line represents the spectrum when the E vector is parallel to the 
macromolecular axis, which shows the maximum intensity at ~293 eV. The difference 
observed in these two spectra is ascribed to the different geometrical arrangements of 
the macromolecular axis relative to the E vector. A detailed analysis of these spectra is 
given in §3.2.2 and §3.3. 
 
Figure 1.8 LD in the C 1s NEXAFS spectroscopy of ordered hexacontane thin film 
 
1.3 LD in NEXAFS spectroscopy 
In NEXAFS spectroscopy of organic materials, features can be described as one 
electron transitions between the core level and an unoccupied orbital. The intensity of 
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these transitions depends on the subtended angle between the E vector of the X-rays,  
and the direction of the TDM according to Eq. (1.12) (Stöhr 1992).  
In a molecule, core excitation transitions are generally considered to follow an 
“atomic propensity rule” in which excitations are considered to obey atomic selection 
rules (∆l = ±1) on the core excited atom. Based on the “atomic propensity rule”, the 
electric-dipole matrix element for 1s core excitation is dominated by terms involving 
1s atomic orbitals of the initial level and the 2p atomic orbitals localized at the site of 
the localized core excitation (Urquhart 1997). Therefore, for excitation from a 1s 
orbital, the TDM points in the same direction as the p-component in the optical orbital 
on the excited atoms. Thus, Eq. (1.12) can be simplified as 
θ2cosAI =                                                                                                               (1.13) 
where A  describes the angle-integrated cross section and θ  is the angle between the E 
vector of X-rays and the direction of the p-component in the final state orbital.  
LD in unsaturated systems 
LD of NEXAFS spectroscopy for unsaturated materials is simple and 
straightforward because the core → pi* transitions are sharp and lie at energies well 
below the ionization potential. Thus their position and intensity can be determined 
quite accurately.  
A number of LD studies using core → pi* transitions in NEXAFS spectroscopy 
have been carried out on simple systems, such as CO vertically adsorbed on a Mo 
(110) surface (Stöhr 1992), and on complicated systems such as aromatic polymer thin 
films (Samant et al. 1996; Cossy-Favre et al. 1998; Stöhr et al. 1998; Weiss et al. 1998; 
Giebler et al. 1999; Stöhr et al. 1999; Weiss et al. 2000; Crain et al. 2001; Ernst et al. 
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2001; Stöhr et al. 2001; Croll et al. 2003). For example, the surface orientation of 
buffed polyimides was investigated through the angular dependence of C 1s → pi*C=C 
transitions for the phenyl ring (Samant et al. 1996). The polyimide chains at the film 
surface were found to be highly aligned in the buffing direction. In addition, the 
NEXAFS study of liquid crystal alignment on these rubbed polyimide films reveals a 
preferred in-plane and out-of-plane orientation of phenyl and C=O groups at the 
surface (Stöhr et al. 1998). Furthermore, the surface orientation of stylized and rubbed 
polyimides was investigated by X-ray photoelectron emission microscopy (X-PEEM) 
through monitoring the intensity of C 1s → pi* transition with respect to the E vector. 
The X-PEEM results on rubbed polyimides showed lateral inhomogeneities in the 
rubbing process, suggesting that the oriented regions act as nucleation sites or pinning 
sites for liquid crystals (Cossy-Favre et al. 1998).  
Figure 1.9 illustrates a simple example of the orientation of the CO molecule on a 
Mo (110) surface (Stöhr 1992). CO is normally oriented on the Mo (110) surface. The 
C 1s → pi*CO and C 1s → σ*CO transitions are both electric dipole allowed. The TDM 
of C 1s → pi*CO transition is parallel to the substrate surface, while the TDM of C 1s → 
σ*CO transition is perpendicular to the substrate surface. When X-rays are incident 
normal to the substrate surface, the E vector is parallel to the TDM of the C 1s → pi*CO 
transition and maximum intensity is observed at this transition. In the case, when the 
X-rays are incident grazing (20°) to the substrate surface, the E vector makes a 20° 
angle with the TDM of the C 1s → pi*CO transition and 70° with the TDM of the C 1s 
→ σ*CO transition, and therefore, the intensity of C 1s → pi*CO transition decreases and 
that of C 1s → σ*CO transition increases.  
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Figure 1.9 Polarization dependence of resonances for normally oriented CO on Mo 
(110) (Stöhr 1992) 
 
This example demonstrates that if the TDM of a transition is known, the expected 
angular dependence of NEXAFS spectrum can be predicted. On the other hand, if the 
angle-resolved NEXAFS spectra are measured, the TDM of that transition can be 
deduced. 
As illustrated in Figure 1.9, the LD of NEXAFS spectroscopy in unsaturated 
molecules is relatively simple. However, for saturated species such as n-alkanes, there 
are no core → pi* transitions with a well defined symmetry. In such systems, core → 
σ* transitions have been used to study the molecular orientation of the saturated 
species.  
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LD in saturated systems 
The analysis of LD for core → σ* transitions is not straight forward. It is 
complicated by the fact that these transitions are broad and often superimposed on a 
background, limiting the accurate determination of peak position and intensity.  
A number of LD studies have been carried out on n-alkane and alkane containing 
species by NEXAFS spectroscopy, such as SAMs (Hähner et al. 1993; Zharnikov et al. 
1999; Crain et al. 2001), LB films (Outka et al. 1987; Outka et al. 1988; Hähner et al. 
1991; Kinzler et al. 1994; Kinzler et al. 1995; Schertel et al. 1996), n-alkanes (Bagus et 
al. 1996; Väterlein et al. 1998; Weiss, Bagus et al. 1999; Weiss, Weckesser et al. 1999; 
Kondoh et al. 2001; Ade et al. 2004), and polyethylene (Stöhr and Outka 1987; Stöhr, 
Outka et al. 1987). The surface structure and orientation of fluorocarbons have also 
been investigated by NEXAFS spectroscopy, such as poly(tetrafluoroethylene) (PTFE) 
(Castner et al. 1993; Ågren et al. 1995; Gamble et al. 2002) and semifluorinated alkane 
self-assembled monolayers (Genzer, Sivaniah, Kramer, Wang, Korner, Char et al. 
2000; Genzer, Sivaniah, Kramer, Wang, Korner, Xiang et al. 2000; Genzer, Sivaniah, 
Kramer, Wang, Xiang et al. 2000; Xiang et al. 2000; Genzer et al. 2002; Genzer et al. 
2003) 
An example of using core → σ* transitions to investigate LD in NEXAFS 
spectroscopy is shown in Figure 1.10, in which the NEXAFS spectra of PTFE change 
as a function of angle α, which is defined as the angle between the projection of the E 
vector onto the surface and the macromolecular axis, t  (Ziegler et al. 1994). It is noted 
that there is a strong polarization dependence of the NEXAFS features. For example, 
the first feature at 292.8 eV has maximum intensity at α = 90° and greatly reduced 
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intensity at α = 0°. The second feature at 296.2 eV exhibits the opposite behavior. 
When α = 90°, the E vector is perpendicular to the PTFE macromolecular backbone 
and parallel to the C-F bonds. Based on this angular dependence the first transition has 
been assigned to C 1s → σ*C-F transitions and the second one to C 1s → σ*C-C 
transitions (Ziegler et al. 1994). 
 
Figure 1.10 Polarization-dependent C 1s near-edge absorption spectra of PTFE at 
different angle α (Ziegler et al. 1994) 
 
As we have seen from the above examples, the intensity of a NEXAFS resonance 
is greatly affected by the angle between the E vector and its TDM. The intensity of a 
specific transition is also affected by the ellipticity of X-rays. 
Ellipticity of X-rays 
The ellipticity of X-rays, also called the degree of linear polarization, is defined as 
(Stöhr 1992) 
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=
EE
E
P                                                                                                       (1.14) 
where //E  and ⊥E  are the horizontal and vertical components of the X-ray electric 
field vector defined as parallel or perpendicular to the electron orbit plane of the 
storage ring. The degree of linear polarization in the soft X-ray region between 250 and 
1000 eV, is 0.8~0.9 for a bending magnet source and ≅ 1.0 for an undulator source 
(Stöhr 1992). When the degree of linear polarization of X-rays is not 100%, Eq. (1.12) 
has to be modified as 
θµθµ 222222// sin)1(cos ifif EPEPI ⊥−+∝                                                       (1.15) 
where θ is the angle between µif and E//. Therefore, even though the subtended angle 
between the E// vector and TDM (µif) of a transition is 90°, due to the non-perfect 
polarization of the X-rays produced in the bending magnet, the transition intensity will 
not be zero.  
1.4 LD in NEXAFS microscopy 
In §1.3 we have demonstrated through examples that LD in NEXAFS 
spectroscopy can be used to determine the molecular orientation of organic materials. 
LD can also be applied to NEXAFS microscopy provided that the sample is oriented. If 
in the NEXAFS spectrum, one or more resonances exhibit LD, then NEXAFS images 
are obtained at this selected energy. Image contrast is then observed to change with 
different orientation of E vector.  
LD in X-ray microscopy was demonstrated for Kevlar® fiber, a polymer widely 
used in body armor, sporting equipment, and tire reinforcement (Ade et al. 1993). 
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Figure 1.11 shows the images of Kevlar® 149 fiber (its chemical structure is based on 
poly(p-phenylene terephthalamide)) at two different orientations of the electric field 
vector: left-right for the left image and up-down for the right image. These images 
were acquired at 285.5 eV, the most prominent peak corresponding to C 1s(phenyl ring) 
→pi* (phenyl ring) transition. This photon energy is selected because the strong peak at 
285.5 eV exhibits the greatest LD.  
 
Figure 1.11 Images of Kevlar® 149 fiber acquired at photon energy of 285.5 eV (Ade et 
al. 1993). 
 
Butterfly-like patterns are observed in both images, which is consistent with the 
expected radially symmetric structure of the fiber. This pattern rotates with the rotation 
of the E vector, arising from the polarization dependent X-ray absorption cross section. 
Therefore, it is seen that LD in X-ray microscopy can be used to image the molecular 
orientation of domains. This molecular orientation is also quantified by using LD in X-
ray spectroscopy (Smith et al. 1996).  
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1.5 NEXAFS spectroscopy of n-alkanes 
Figure 1.12 presents a typical C 1s NEXAFS spectrum of n-alkanes. Below the C 
1s IP of n-alkanes, two sharp peaks are observed at ~ 288 eV. Above the IP, a broad 
peak around 292 eV and an even broader peak around 302 eV are observed. The 
character of these resonances is discussed below. 
 
Figure 1.12 C 1s NEXAFS spectrum of n-alkanes  
 
NEXAFS resonances below the C 1s ionization potential (IP) 
The assignments of the NEXAFS resonances below the C 1s IP of n-alkanes are 
quite controversial. These resonances have been first identified as C 1s → σ*C-H 
transitions. These assignments are based on the observation that these resonances 
exhibit strongest intensity when the electric field vector is perpendicular to the chain 
direction, confirmed by Xα multiple-scattering calculations for the central C atom in 
propane (Stöhr, Outka et al. 1987). In electron energy loss spectra of linear and 
branched alkanes, these peaks have been assigned to excitation to a 3p/pi*(CH2) energy 
levels, a mixed Rydberg/valence orbital (of antibonding σ*C-H) (Hitchcock et al. 1986; 
Hitchcock and Ishii 1987). However, Bagus et al.(Bagus et al. 1996) assign the peaks 
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around 288 eV to C 1s → Rydberg transitions based on their ab initio self-consistent 
field Hartree-Fock calculations on an isolated propane molecule.  
NEXAFS resonances above the C 1s IP 
The resonances observed above the C 1s IP in the NEXAFS spectra for n-alkanes 
are often referred to as shape resonances. There are at least two main different models 
to describe such phenomena. In a molecular orbital model, the character of these 
resonances is related to the character of the unoccupied molecular orbital (Hitchcock et 
al. 1978), in which these resonances are described as C 1s → σ*C-C transitions 
embedded in the continuum. This approach has the advantage of providing a direct 
relationship between the molecular structure and its spectrum through the familiar and 
predictive language of molecular orbital theory. 
In a scattering model, the outgoing photoelectron is trapped by a potential well, in 
which the photoelectron wave is resonantly scattered back-and-forth along the inter-
nuclear axis between the absorbing atom and its neighbors (Sette et al. 1984). For this 
reason, the σ-shape resonances excitation energy is expected to be sensitive to the bond 
length. The main outcome of this scattering model is the bond-length-with-a-ruler 
method to correlate the intramolecular bond lengths with the σ-shape resonances (Sette 
et al. 1984; Hitchcock and Stöhr 1987). However, Piancastelli et al. do not like this 
scattering model on “bond-length-with-a-ruler” (Piancastelli et al. 1987) because 
multiple excitation, shake-up continuum, and shake-off continuum features can also be 
considered as the origin of continuum features (Piancastelli 1997).  
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1.6 Epitaxial growth of organic materials 
Well-ordered n-alkane samples with lateral molecular orientation are required for 
angular dependent NEXAFS measurements. The details of this geometry requirement 
are discussed in §3.1. In this project we employed epitaxial growth to prepare such 
samples. 
Definition of epitaxy 
The term epitaxy, deriving from the Greek roots “εpiι-” meaning “upon” and 
“ταξι-” meaning “order”, refers to the oriented growth of a deposited crystal on the 
surface of a substrate crystal (Pashley 1965). Epitaxy has been observed in inorganic 
and organic thin films. When used for inorganic materials, there is a one-to-one 
relationship between atom positions of the deposited material and the substrate surface 
(Forrest 1997). Examples of this inorganic epitaxy include growth of Au on thin 
molybdenite substrate (Stowell et al. 1966), and growth of InSb on GaAs (001) 
substrate (Zhang et al. 1990). It has long been thought that a lattice mismatching less 
than 15% between the deposit and substrate is essential to obtain epitaxy (Pashley 
1965) in inorganic materials. The lattice mismatching between the deposit and 
substrate is defined as 
ssc ddd /)(100 −=∆                                                                                                 (1.16) 
where dc and ds are the lattice distances of deposit and substrate, respectively (Zhang et 
al. 1989).  
However, when the term epitaxy is used in organic materials, especially long chain 
molecules, it is different from inorganic epitaxy in two aspects: the requirement of 
lattice mismatching and the molecular orientation of long chain molecules. The lattice 
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matching is not a crucial criterion for the epitaxial influence of the substrate on the 
crystallizing polymer. For example, the epitaxial crystallization of polyethylene was 
observed on cleaved (001) surfaces of NaCl, NaBr, NaI, KCl, KI, and LiF with the 
corresponding lattice mismatching ranging from -28 to  27% (Koutsky et al. 1966). On 
the other hand, in these long chain molecules, orientation is an added variable 
compared to atomic epitaxy. The molecular orientation of linear molecules can be 
classified into lateral and normal orientation, which is illustrated in Figure 1.13. The 
macromolecular backbone of the long chain molecule is parallel to the substrate surface 
in lateral orientation and perpendicular to the substrate surface in normal orientation. 
The rods in this figure represent the long chain molecules. These are the two extreme 
cases, beyond these; the molecules can be present on the substrate surface with some 
tilt angle. 
 
Figure 1.13 The molecular orientations of long chain molecules.  
 
Epitaxy of long chain molecules  
Long chain molecules, such as polyethylene and n-alkane (the low-molecular-
weight homologues of polyethylene) due to their simplicity, have been grown 
epitaxially. The existence of epitaxy in films of paraffin wax on various substrates was 
evident 50 years ago (Willems et al. 1956). The first oriented growth of long chain 
molecules of polyethylene on (001) NaCl was obtained by Willems (Willems et al. 
Lateral orientation Normal orientation 
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1956), in which the polyethylene was crystallized in its orthorhombic form with the 
(110) lattice plane of PE parallel to the (001) surface of NaCl. The <001> direction of 
PE, i.e. the molecular chain axes, is oriented in the two perpendicular <110> directions 
of the NaCl substrate. Figure 1.14 depicts the oriented growth of a PE single crystal on 
the (001) surface of a NaCl-type alkali halide single crystal (Mauritz et al. 1978). 
 
Figure 1.14 Epitaxial growth of a PE single crystal on the (001) face of an NaCl-type 
alkali halide single crystal (Mauritz et al. 1978).  
 
The PE chain forms a folded structure in such a manner that a chain can be 
accommodated within a span of 10~15 nm (Mauritz et al. 1978). Since then, a variety 
of organic epitaxial molecular films have been fabricated and investigated.  
Substrates for epitaxy of long chain molecules 
A variety of substrates have been used for the growth of long chain molecules. The 
substrates can be inorganic or organic. Alkali halide substrates (Walton et al. 1968; 
Wellinghoff et al. 1974) are one of the most commonly used inorganic groups that can 
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serve as the substrates for epitaxial growth of n-alkanes. These substrates are easily 
prepared and are soluble in water. Organic carboxyl acids (or their potassium salts) 
with a phenyl ring and different p- and o- substituents (e.g. benzoic acid and p-phenyl 
benzoic acid) can also be used as the substrates for epitaxial growth of long chain 
molecules (Wittmann et al. 1983).  
Methods to grow long chain molecules epitaxially  
Long chain molecules can be epitaxially grown on substrates by different methods, 
such as solution casting (Koutsky et al. 1966; Wellinghoff et al. 1974; Zhang et al. 
1989), vacuum deposition (Ishida et al. 1993), and comelting (Moss et al. 1984; Moss 
et al. 1985-1986). For example, PE has been epitaxially grown onto a cleaved NaCl 
surface from solution (Koutsky et al. 1966; Wellinghoff et al. 1974). The results of 
electron microscopy and electron diffraction of this sample reveal that the PE long 
chains are laterally oriented on the (001) faces of NaCl with the macromolecular chain 
direction oriented along the <110> directions of the NaCl substrate surface. Epitaxial 
growth of PE and n-alkanes has also been achieved from solution on aromatic 
substrates such as anthracene (Wittmann et al. 1981), p-terphenyl (Wittmann et al. 
1981), and potassium hydrogen phthalate (KHP) (Wittmann et al. 1981; Zhang et al. 
1989). Epitaxy of PE has also been obtained on (001) crystal faces of benzoic acid 
substrates by comelting, in which the substrate and the deposit materials are heated to 
high temperature and then allowed to cool down together, and the substrate crystallizes 
first (Wittmann et al. 1983; Moss et al. 1984; Moss et al. 1985-1986; Dorset 1986). 
Growth of thin films from solution or comelting is simple and easy. However, the 
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resultant thin films do not have a uniform thickness and it is difficult to control the 
growth process.  
In contrast, physical vapor deposition (PVD) can provide a thin film with uniform 
thickness and the film morphology can be tailored by deposition parameters, such as 
substrate temperature, film thickness, deposition rate, etc. The process for the 
formation of a thin film of linear molecules deposited from the vapor phase is 
illustrated in Figure 1.15 (Kubono et al. 2002).  
 
Figure 1.15 PVD process of thin film formation (Kubono et al. 2002)  
 
This process includes (1) adsorption of the vapor molecule on the substrate, (2) 
surface migration of the adsorbed molecule, (3) re-evaporation of the adsorbed 
molecule, (4) capture of the adsorbed molecule in an existing cluster, (5) molecule re-
evaporation from the cluster, and (6) molecule reorientation. In addition, the adsorbed 
molecules are present on the substrate surface in several forms, including (1) adsorbed 
single molecule state in which the molecule can migrate along the surface, (2) lateral-
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oriented cluster where all molecules are parallel to the substrate surface, and (3) 
normal-oriented cluster in which all molecules are perpendicular to the substrate 
surface (Tanaka et al. 1991; Kubono et al. 2002).  
In PVD, the deposition conditions affect the molecular orientation and the domain 
size of linear molecules. This will be illustrated below. 
Molecular orientation of long chain molecules 
It is known that the molecular orientation of organic epitaxial thin films is greatly 
affected by the degree of supercooling (combined effect of the length of the alkyl chain 
and substrate temperature), the type of substrate, and deposition rate. Therefore, the 
desired molecular orientation can be tailored by varying these parameters. 
The degree of supercooling is found to be the most effective parameter 
determining the molecular orientation of n-alkanes (Matsuzaki et al. 1984; Inoue et al. 
1987; Inaoka et al. 1988; Shimizu et al. 1995). It is defined as the difference between 
the substrate temperature Ts and the n-alkane melting point Tm as shown in Eq.(1.17) 
(Shimizu et al. 1995) 
sm TTT −=∆                                                                                                              (1.17)  
Specifically, the molecular orientation is likely to change from a lateral to a 
normal orientation as the degree of supercooling decreases, i.e. the lateral molecular 
orientation will form in preference to normal orientation at lower substrate temperature 
for longer chain molecules. This effect is illustrated in the following examples. 
The effect of degree of supercooling on the molecular orientation of tetracontane 
(n-C40H82, Tm = 80°C), pentacontane (n-C50H102, Tm = 94°C), and hexacontane (n-
C60H122, Tm = 98°C) on fused-quartz substrates was explored by wide-angle X-ray 
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diffraction (WAXD) (Shimizu et al. 1995). It is found at ∆T = 233°C, (Ts = 134K), that 
n-C50H102 molecules are laterally oriented on the substrate, while at ∆T = 32°C, (Ts = 
335K), all n-C50H102 molecules become normally oriented. At ∆T between 32 and 
233°C (Ts = 134 K ~ 335 K), both lateral orientation and normal orientation are found. 
The degree of supercooling at which the normal orientation occurred for tetracontane is 
∆T = 30°C, (Ts = 325 K). 
In our experiments, we also observed this degree of supercooling effect on 
molecular orientation. These details will be given in §3.5. Specifically, at the same 
substrate temperature (Ts = RT = 21°C), the degree of supercooling for n-hexacontane 
(Tm = 98°C) is 24°C higher than that for n-hexatriacontane (Tm = 74°C), therefore, the 
n-hexacontane molecules are laterally oriented to the NaCl (001) surface, while n-
hexatriacontane molecules are only partially laterally oriented to the substrate surface.  
The type of substrate determines the strength of interaction between the substrate 
and deposit. The stronger the interaction, the more likely the lateral molecular 
orientation will occur. Van der Waals interactions are important for epitaxy of organic 
material (Willems 1958). Coulombic interaction and induced dipolar interaction also 
play important roles in determining the molecular orientation between the n-alkane 
molecules and ionic substrates, such as alkali halides (Mauritz et al. 1973; Mauritz et 
al. 1978). For example, when n-hexacontane was vacuum deposited on a bare Si3N4 
membrane surface, a normal molecular orientation was found. However, when n-
hexacontane was vacuum deposited on a NaCl (001) surface, the n-hexacontane 
molecules were laterally oriented along the substrate surface with the macromolecular 
axis oriented along the <110> directions of the substrate. This substrate effect on 
 33 
molecular orientation was also observed when n-hexatriacontane molecules were 
vacuum deposited onto a bare KCl surface (lateral orientation),  evaporated Au 
substrate (normal orientation), and  partly Au-covered KCl (lateral + normal 
orientation) (Ashida et al. 1986). Therefore, the substrate has to be selected carefully in 
order to obtain desired molecular orientation of n-alkanes. 
The deposition rate also affects the molecular orientation of n-alkane thin films. 
The higher the deposition rate, the more likely a lateral orientation will occur. The 
formation of thin films from PVD is a non-equilibrium kinetic process (Venables et al. 
1984). The actual vapor pressure of the system is far more than the equilibrium vapor 
pressure, which “forces” the vapor molecules to kinetically adsorp onto the substrate 
surface. The higher the deposition rate, the higher the actual vapor pressure of the 
system. Therefore, a lateral molecular orientation will preferentially form on the 
substrate surface at higher deposition rate. However, at higher deposition rate, 
molecules may not have enough time to move along the substrate surface to find their 
minimum energy positions before they are buried.  
In summary, the molecular orientation of long chain molecules is affected by the 
type of substrates, the chain length of deposit, and the deposition parameters such as 
substrate temperature (through degree of supercooling) and deposition rate. In order to 
achieve the desired molecular orientation of n-alkane molecules, the above parameters, 
especially substrate temperature, should be controlled carefully during the deposition.  
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Domain size of long chain molecules 
The substrate temperature and deposition rate not only affect the molecular 
orientation of linear molecules as described above, but also affect the domain size in 
the thin films of these molecules. 
The substrate temperature can be viewed as supplying activation energy that is 
required by the deposited molecules to translate to take up the minimum energy 
substrate surface position. At low substrate temperature, the molecular movement on 
the substrate is limited due to the lack of thermal energy to promote molecular 
translation. Molecules can only move a short distance, and many nuclei are formed. At 
high substrate temperature, the movement of molecules along the substrate surface is 
enhanced and only a limited number of nuclei are formed, therefore, the average size of 
the domains becomes larger.   
The deposition rate determines the density of the molecules diffusing on the 
substrate per unit area per unit time. The lower the deposition rate, the less molecular 
sites for nucleation, therefore, large domains tend to form.  
These two factors (the substrate temperature and the deposition rate) are related by 
the kinetics of the surface diffusion, which is the ratio of the diffusion rate of the 
deposit molecules D to the deposition rate F (Amar et al. 1995; Ruiz et al. 2004), 
R = D/F                                                                                                                     (1.18) 
The diffusion rate of the deposits along the substrate surface is defined as 
)/exp(0 kTEDD a−=                                                                                                (1.19) 
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where D0 is the pre-exponential factor, Ea is the diffusion energy barrier, k is the 
Planck constant, and T is the substrate temperature. D0 and Ea are affected by the 
substrate materials. 
The nucleation density, N, the average domain size, A, and the layer coverage Θ 
are determined by R through 
A
CRN Θ≈= −χ                                                                                                          (1.20) 
where C is a constant, exponent χ is related to the critical domain size i, which 
corresponds to one less than the number of molecules (or adatoms in the case of 
inorganic materials) needed to form the smallest stable domains against dissociation 
(Amar et al. 1995; Ruiz et al. 2004), by  
)2/( += iiχ                                                                                                               (1.21) 
Therefore, the relationship between the substrate temperature and deposition rate 
can be expressed as: 
χχ ))/exp(()( 0
F
kTED
F
DA sa−=∝                                                                             (1.22) 
From Eq. (1.22), it is clear that increasing the substrate temperature and lowering the 
deposition rates will increase the average domain size. 
1.7 Thin film growth mechanisms 
The physical form of the epitaxial deposits, i.e. the morphology of thin films, in 
terms of continuous thin films or collections of isolated crystals, is a consequence of 
the thin film growth mechanisms. There are three well-known growth modes (Pashley 
1999): (a) monolayer growth (Frank – van der Merwe) – FM mode; (b) three-
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dimensional growth (Volmer-Weber) – VW mode; and (c) SK mode (Stranski-
Krastanov). The associated names are of those who provided the theoretical 
backgrounds to the different modes. These modes are illustrated in Figure 1.16. 
 
Figure 1.16 Schematic illustration of the Frank-van der Merwe, VW, and SK growth 
modes for thin films (Pashley 1999) 
 
The primary driving force for generating the different morphologies is the 
interfacial free energy. If γS-V is the free energy between substrate and vapor, γF-S is the 
free energy between the film and substrate, and γF-V is the free energy between the film 
and vapor, then 3D growth mode (Volmer – Weber) is expected when these free 
energies have the following relationship (Gilmer 1993) 
 γF-S + γF-V > γS-V                                                                                                       (1.23) 
In this case, the bare substrate surface has lower free energy; therefore small 
clusters are nucleated directly on the substrate to minimize the total free energy. The 
clusters then grow into three dimensional islands, which in turn coalesce to form a 
film. The film may have variation in thickness and defects at the interfaces where 
adjacent clusters coalesce. The Frank-van der Merwe mode describes the condition 
where the γF-S is low enough to reverse the sign of Eq. (1.23), i.e. γF-S + γF-V < γS-V, so 
that the deposited materials wet the substrate completely to lower the free energy of 
this system. Once the first monolayer is formed, the subsequent deposits follow the 
Frank-van der Merwe Stranski-Krastanov Volmer-Weber 
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monolayer pattern, and therefore the deposited materials form a uniform layer-by-layer 
structure. The intermediate case, often referred to as SK growth, is a combination of 
the first two. The SK growth mode cannot be explained by Eq. (1.23) and the effect of 
strain on the free energy of the film has to be considered. In the initial stages, the 
deposit is likely to form a very thin uniform film; however, this thin film is under stress 
due to the misfit between the substrate and deposit. Therefore, additional material 
aggregates into 3-D clusters on top of this film to relax this stress (Gilmer 1993; Ward 
2001).  
The above mentioned growth modes are often discussed within the context of 
inorganic material epitaxy. For example, the growth of SiGe semiconductor thin films 
on Si (100) surface forms layer-by-layer (Dutartre et al. 1994), while the growth of Ge 
on Si (001) forms a layer plus island structure (Mo et al. 1990). The organic material 
epitaxial growth tends to occur as a result of equilibrium conditions (substrate 
temperature, deposition rate, etc.), and depending on the relative strength of 
intramolecular interaction (γF-V) and intermolecular interaction (γS-V and γF-S), the film 
grows via the above mentioned three mechanisms. 
For example, the growth mechanism of organic material PTCDA (3,4,9,10-
perylene-tetracarboxylic-dianhydride) on Ag (111) is found to be strongly dependent 
on the substrate temperature. At Ts = 310 K, this material forms a rather smooth, grain-
like thin layer on the Ag (111) surface, through a layer-by-layer (FM) growth. At 
intermediate temperature (Ts = 340 K), the increased grain size was observed, covering 
the Ag (111) substrate regularly. At high temperature (Ts = 420 K), large, isolated 
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crystallites on a complete coverage of two strained layers were observed, i.e. Stranski-
Krastanov growth mode occurred at high substrate temperature. (Chkoda et al. 2003)  
 In contrast, the growth mechanism of thermally evaporated pentacene thin films is 
generally described by a Volmer-Weber type of process, where the nucleated islands 
have a three-dimensional growth mode without formation of an initial complete 
monolayer (Chang et al. 2003).  
 In summary, the morphology of an organic thin film is determined by the different 
growth mechanisms, which are subject to the thin film growth conditions. In order to 
obtain the desired morphology, the growth conditions of thin films, such as deposition 
rate and substrate temperature, have to be controlled carefully. 
1.8 Research objectives 
LD for the C 1s → σ*C-C transition in the NEXAFS spectrum of n-alkanes 
NEXAFS spectroscopy has proved to be a powerful technique for investigating the 
orientation of molecules and polymers on surfaces. As discussed in §1.3, for polymer 
containing pi* unoccupied orbitals, such as rubbed polyimide (Samant et al. 1996; 
Cossy-Favre et al. 1998; Stöhr et al. 1998), a good relationship between polymer 
orientation and NEXAFS resonances has been established since the absorption bands 
of core → pi* transitions are strong and narrow and the direction of the transition dipole 
moment of such transitions is well defined (Stöhr 1992).  
However, for long chain molecules such as polyethylene, n-alkanes, and other 
alkane species that only have σ* unoccupied orbitals, the relationship between the 
molecular orientation and the C 1s → σ* transition is poorly understood. Two models 
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are widely employed to derive the molecular orientation of long-chain molecules from 
the NEXAFS spectra. In the building block (BB) model proposed by Outka, Stöhr, and 
co-workers (Outka et al. 1987; Stöhr and Outka 1987; Outka et al. 1988), a molecule is 
viewed as an assembly of diatomic subunits or “building blocks”. n-Alkanes are treated 
as the assembly of individual C-C “building blocks”, and the angle dependence of the 
carbon 1s → σ*C-C transition arises from the sum of the transition dipole moments 
(TDMs) of the individual C-C building blocks, each TDM aligned along each C-C 
bond. Since this model implicitly considers the electronic structure as the sum of the 
properties of specific bonds between diatomic pairs, this is in essence a valence bond 
description. In contrast to this BB model, Hähner et al. (Hähner et al. 1991; Kinzler et 
al. 1994) have used a molecular orbital (MO) approach to consider the angle 
dependence of the C 1s NEXAFS spectra of n-alkanes. A molecular orbital can be 
delocalized over all or part of a molecule and not (necessarily) localized to a specific 
bond pair. By using these two models, from almost identical NEXAFS spectra of LB 
films of Cd-arachidate, Outka et al. (Outka et al. 1988) calculate that the molecular 
chain is normal to the substrate surface, while a tilt angle of 30° of the molecular chain 
relative to the substrate surface normal is found by Kinzler et al. (Kinzler et al. 1994) 
 The predicted angle dependence for the carbon 1s → σ*C-C transition in the 
NEXAFS spectrum of a linear alkane molecule based on the BB and MO models is 
presented in Figure 1.17. This angle dependence is expressed as a function of the angle 
between the E vector and the macromolecular chain axis of the n-alkane. The BB 
model is constructed by adding up the bond-specific contributions where the TDM is 
aligned along individual C-C bonds and the sum is derived by use of the appropriate C-
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C-C bond angle (Teare 1959; Hu et al. 1989). The MO model assumes that the TDM is 
directed along the chain axis as a delocalized σ*C-C molecular orbital (Hähner et al. 
1991). The intensity scale is defined according to I = A cos2θ, where A is assumed to 
equal to 1. 
Figure 1.17 The possible relationship of the intensity of C 1s → σ*C-C transition and 
the included angle between TDM and the E vector of X-rays by using the BB model 
(solid line) and the MO model (dashed line)  
 
 Both models show that the intensity of the Carbon 1s → σ*C-C transition is at a 
maximum when the electric field vector is directed along the chain axis (θ = 0°) and 
reaches a minimum when the electric field vector is perpendicular to the chain axis (θ = 
90°). The key difference between these models is the magnitude of the change. In the 
MO model, the intensity of the Carbon 1s → σ*C-C transition is predicted to go to zero 
at θ = 90° while this transition never goes to zero intensity in the BB model. The 
difference between models can be understood by considering the cos2θ dependence for 
bond-specific contributions in the BB model. 
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Calculated LD for NEXAFS resonances of n-alkanes 
The second research objective of this project is to understand the LD for the 
NEXAFS resonances of n-alkanes by carrying out theoretical calculations. Generally, 
for the NEXAFS resonances below the C 1s IP, we want to understand: 
a. How many features are present below the C 1s IP? The early NEXAFS spectra of n-
alkanes only show one broad peak below the C 1s IP (Stöhr, Outka et al. 1987), while 
our high resolution NEXAFS spectra reveal two sharp peaks. However, the least-
square fit of our angular dependent NEXAFS spectra exhibit four features (see §3.2.6). 
b. What is their character? As introduced in §1.5, in the condensed phase n-alkanes, the 
NEXAFS resonances of n-alkanes below the C 1s IP have been assigned as valence 
transition, Rydberg transition, or mixing of valence and Rydberg. We want to 
determine the character of these resonances. 
c. The most important part in this research objective is to understand the LD of each 
resonance below the IP.  
 For the NEXAFS resonances above the C 1s IP, we wish to gain some insight of 
the TDM of these transitions from theoretical calculations and correlate the 
experimental results with theoretical calculations. 
Rationalize the n-alkane thin film growth  
As introduced in §1.6, we are using epitaxial growth to prepare n-alkane thin films 
for our spectroscopy experiments. However, the molecular orientation and growth 
mechanism of organic molecules are greatly affected by the deposition parameters. 
Therefore, the last objective of this project is to understand the nature of deposition in 
n-alkane thin films, i.e. how the deposition parameters, such as the substrate 
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temperature, the type of substrates and the chain length of n-alkane, affect the thin film 
morphology, growth mechanism, and the orientation of these molecules in the thin 
films.     
Approaches to study 
As described in §1.8, the BB and MO models are used to determine the 
relationship between the molecular orientation and C 1s → σ*C-C transition in n-alkane 
molecules. In order to determine which model gives a better description, well-ordered 
n-alkane thin films with lateral orientation and large domain size are needed. The 
detailed substrate and thin film preparation methods are given in §2.2 and §2.3. The 
prepared thin films were then characterized by Scanning Transmission X-ray 
Microscopy. The description of these microscopes is given in §2.4. The detailed results 
are presented in Chapter 3. 
 As well, ab initio calculations are carried out to (a) elucidate the character of each 
NEXAFS feature of n-alkane molecules; (b) determine the LD of each feature. These 
calculations were carried out on propane and fairly long nonane molecules in both the 
gas and condensed phases. By correlating with the experimental results, the character 
and LD for each feature is then determined. The calculation method is described in 
detail in §2.5 and the result is presented in §3.4.  
In order to understand the nature of deposition in n-alkane thin films, the 
deposition parameters such as substrate temperature and the chain length of n-alkane 
were explored. These effects on the morphology and molecular orientation of n-alkane 
samples are given in detail in §3.5.  
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Chapter 2 Experimental and Theoretical methods 
As discussed in Chapter 1, well-ordered n-alkane thin films with a lateral 
orientation and large domain size are needed in order to measure the LD in the 
NEXAFS spectra of n-alkanes. The selection of the n-alkane molecules examined is 
given in §2.1, and the preparation of the substrates and n-alkane thin films on these 
substrates is presented in §2.2 and §2.3, respectively. The techniques of Scanning 
Transmission X-ray Spectroscopy and Microscopy are presented in §2.4. These 
techniques are used to characterize the n-alkane thin film morphology and molecular 
orientation. Theoretical methods for calculating the NEXAFS spectra of n-alkanes are 
introduced in §2.5. 
2.1 n-Alkane candidates 
Long-chain n-alkanes are a basic type of organic compound. Long alkyl chains 
play important roles in the formation of ordered structures in molecular assemblies 
such as LB films, SAMs, liquid crystals, and biomembranes. The n-alkane molecules 
used in this project are n-hexacontane (n-C60H122, HC) and n-hexatriacontane (n-
C36H74, HTC) with their purity of 98% and 98%, respectively, purchased from Sigma-
Aldrich and no further purification was carried out. These molecules are solid at room 
temperature, have low vapor pressure, and are compatible with high vacuum. 
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2.2 Preparation of substrates 
As introduced in §1.6, inorganic and organic materials can be used as the 
substrates for epitaxial growth of n-alkane thin films. These substrates can be in 
polycrystalline form or single crystal. The inorganic substrates used in this project are 
single crystals of NaCl (surplus FTIR windows) and evaporated KCl (Aldrich 
Company, 99.99%) thin films. Organic substrates are potassium hydrogen phthalate 
(BDH Chemicals, 99.9%), benzoic acid (BDH Chemicals, 99%), p-Br benzoic acid 
(Aldrich, 98%), p-phenyl benzoic acid (Aldrich, 95%) and terephthalic acid (Aldrich, 
98%). All chemicals were used without further purification. 
      In this project, several approaches are used to prepare crystalline substrates. A fresh 
substrate can be prepared by depositing it as a thin film in a high vacuum chamber, 
where the substrate morphology can be controlled by adjusting the deposition rate, 
substrate temperature and thickness. Other methods to prepare substrates involve 
cleaving the single crystal in air to expose a fresh surface for the thin film deposition, 
casting of dilute substrate solution, followed by solvent evaporation, or comelting the 
substrate material with deposit material (Wittmann et al. 1983; Moss et al. 1984). 
These approaches are outlined below. 
 (1) Crystalline substrates prepared by PVD: Potassium chloride (KCl), p-phenyl 
benzoic acid (p-PBA), and terephthalic acid (TA). These species were evaporated onto 
a clean Si wafer in vacuum with a thickness of 20 nm. The resultant thin layers of KCl, 
p-PBA, and TA were used as a substrate for epitaxial growth of n-alkanes. This method 
provides a clean and fresh substrate surface for the growth of n-alkane thin films. 
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However, the surface of the deposited thin films might have a different crystal structure 
from the bulk, and may lack long range crystalline order. 
(2) Substrates prepared by cleaving: Single crystals of NaCl were cleaved with a razor 
blade and quickly transferred into the vacuum chamber. The freshly exposed face is 
used as a substrate for the deposition of n-alkane. The cleaved surface may not be 
atomically flat, having kinks and ledges (Ward 2001). However, the kinks and ledges 
can initiate the nucleation process of the crystal growth (Ikeda et al. 2004).  
(3) Substrates prepared by comelting: A benzoic acid (BA) substrate cannot be used in 
vacuum due to its high vapor pressure (133 Pa at 96°C). Comelting is a thin film 
preparation method based on the different melting points of the deposit and substrate. 
The melting point of the BA substrate (122°C) is higher than that of the deposit (96°C 
in the case of HC). When decreasing the temperature, the substrate will first crystallize 
and the HC deposit will then crystallize on the substrate surface. The advantage of the 
comelting method is there is no surface contamination. 
(4) Substrates prepared by solution casting: Substrates with high vapor pressure or 
comparable melting point with the deposit cannot be prepared by vapor deposition or 
by comelting. Solution casting is possible. A dilute solution of substrate molecule is 
cast onto a clean glass slide and the solution is allowed to evaporate in the saturated 
solvent environment. The resultant thin films of substrates are then transferred to the 
vacuum chamber and used as a substrate for the epitaxial growth of linear alkanes. The 
substrates prepared by solution casting were potassium hydrogen phthalate (KHP) and 
para-bromo benzoic acid (p-BBA). 
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2.3 Preparation of n-alkane thin films 
Thin films of n-alkanes were prepared on different substrates, described above, by 
comelting with the substrate, physical vapor deposition in vacuum, and solution 
casting. In general, the solution casting and comelting methods give a rough surface 
and the thin film is not uniform. The solution casting method was only used before the 
installation of the vacuum chamber, which was later found to produce superior thin 
films. The comelting method was only used for the BA substrate because of its high 
vapor pressure, not compatible with the vacuum. The sample preparation using a 
vacuum chamber is described below. 
Vacuum chamber 
Figure 2.1 (left) shows the evaporation setup in the vacuum chamber (DataComp. 
Scientific). A diffusion pump is used to provide the vacuum in the chamber (typically ~ 
10-7 torr). A tungsten boat is used to hold the sample and provides resistive heating to 
evaporate the sample. A substrate holder is placed about 15 cm above the tungsten boat 
to support the substrate. A shutter, 5 cm above the tungsten boat, is moved into 
position before the sample starts evaporation and after the desired sample thickness is 
reached. A quartz crystal microbalance is mounted beside the substrate holder with the 
same height as the substrate holder. This crystal microbalance is used to monitor the 
deposition rate and sample thickness. The deposition rate (R) is a function of the source 
temperature according to  
mkTPR pi2=                                                                                                            (2.1) 
where P is the pressure of the vacuum chamber, m is the mass of the molecule, k is the 
Planck constant, and T is the evaporation source (tungsten boat) temperature.  
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Therefore, in the process of the formation of thin films, the deposition rate is controlled 
by adjusting the heating power of the tungsten boat. 
 
Figure 2.1 (left) Evaporation setup in the vacuum chamber. (right) Picture of modified 
substrate holder with light bulb heating system and a thermocouple 
 
In order to control the substrate temperature during the sample deposition, a 
modified substrate holder is used (Figure 2.1 (right)). The heating of the substrate is 
provided by a simple light bulb that is mounted in the substrate holder. A 
thermocouple, mounted beside the light bulb, is used to measure the substrate 
temperature. 
Preparation of n-alkane thin films 
The preparation of n-alkane thin films by comelting and physical vapor deposition 
is described below.  
(1) Comelting alkane with BA: A mixture (50:50) of BA and an n-alkane (HC) was 
heated on a hot plate until melting. The sample was then allowed to cool down in the 
air. 
Light bulb 
Substrate holder Substrate 
Thermocouple 
Tungsten boat  Shutter  
Crystal balance  Substrate holder 
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(2) n-alkane films prepared by PVD on different substrates: a small quantity (~10 mg) 
of the n-alkane sample was placed in the tungsten boat. The sample was then vaporized 
and deposited onto the substrate to the desired sample thickness, e.g. 100 ~ 200 nm for 
C 1s edge, as required for transmission measurements. When the n-alkane molecules 
are evaporated onto substrates at elevated substrate temperature, the substrates were 
preheated to a desired temperature and kept at that temperature during the deposition.  
After the alkane thin films had been prepared, the substrate was removed and the 
n-alkane thin film had to be transferred to a Si3N4 membrane window (Silson Ltd.) for 
X-ray microscopy. The n-alkane thin film can be separated by dissolving the 
substrates. Substrates such as solution-cast KHP thin films, air-cleaved NaCl single 
crystals, and evaporated KCl thin films were dissolved in Millipore water, the BA 
substrate from comelting and p-BBA substrate from solution-cast were dissolved in 
pure ethanol, p-PBA substrate from evaporation was dissolved in acetone, and TA 
substrate from evaporation was dissolved in dimethyl sulfur oxide. The floating n-
alkane thin films were picked up on Si3N4 membrane windows. 
All substrates and n-alkane thin films were handled in dust free conditions in a 
laminar flow hood.  
2.4 Characterization of n-alkane thin films 
The morphology of n-alkane thin films prepared on different substrates and at 
different substrate temperature in vacuum was investigated by Scanning Transmission 
X-ray Microscopy (STXM). The orientation of n-alkane molecules in these thin films 
was investigated by polarization-dependent NEXAFS spectroscopy, recorded in the 
STXM microscope. 
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2.4.1 Scanning Transmission X-ray Microscopy (STXM) 
Two STXM microscopes have been employed for this research: the NCSU-
McMaster-Dow-polymer STXM (beamline 5.3.2 at Advanced Light Source (ALS), 
Berkeley, CA) on a bending magnet beamline, and Molecular Environmental Science 
STXM (beamline 11.0.2 at ALS, Berkeley, CA) on an Elliptically Polarized Undulator 
(EPU). 
2.4.1.1 NCSU-McMaster-Dow-Polymer STXM 
Figure 2.2 shows a schematic drawing of the NCSU-McMaster-Dow-Polymer 
STXM of beamline 5.3.2 at Advanced Light Source (Ηitchcock 2003). The X-rays are 
emitted by the electrons when their trajectories are bent by a bending magnet. These X-
rays are then monochromated by a spherical grating monochromator. The 
monochromated X-rays are focused by a Fresnel zone plate, which is a circular, 
variable line density, transmission diffraction grating. The sample is raster-scanned 
through the focal plane by a piezo stage. The transmitted X-rays are converted by a 
phosphor screen to visible photons, which are then detected by a photomultiplier tube. 
The spatial resolution of STXM can be as good as 35 nm and the energy resolution is 
about 100 meV. This system can be operated in air, vacuum, or helium environment 
(Ade et al. 2003; Kilcoyne et al. 2003).  
Figure 2.2 Schematic drawing of STXM at ALS beamline 5.3.2 (Ηitchcock 2003) 
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In order to suppress the unwanted diffraction orders that would decrease the 
available signal-to-background ratio and allow the positive first diffraction order to 
pass, a zone plate central stop and an order sorting aperture (OSA) are used. The 
central stop is fabricated in the zone plate. The OSA, a slightly smaller pinhole, is 
placed between the zone plate and the sample. Figure 2.3 illustrates the role of a central 
stop and an OSA in isolating the radiation focused in the first diffractive order of a 
Fresnel zone plate (Kirz et al. 1995). 
 
Figure 2.3 Schematic diagram of central stop and OSA in isolating the 1st order 
diffraction of a Fresnel zone plate (Kirz et al. 1995) 
 
In these experiments, the OSA needs to be aligned properly to eliminate the higher 
order contamination, and the sample thickness has to be controlled in order to obtain 
reliable, trustworthy spectra. These factors will be discussed below in §3.3. 
2.4.1.2 Molecular environmental science (MES) STXM 
The molecular environmental science STXM is operating on an elliptically 
polarized undulator (EPU) beamline 11.0.2 at ALS, Berkeley. Except for the source of 
X-rays, MES-STXM is similar to polymer STXM, described above in §2.4.1.1. This 
section will focus on the structure of a linear undulator and an EPU and how the X-rays 
Incident 
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Zone plate 
Central stop 
OSA 
1st order 
0th order 
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are produced. A linear undulator is a periodic array of magnets as shown in Figure 
2.4(a) (Top). Each individual magnet applies a force to the moving electrons, causing a 
slight deviation of their direction. The periodic magnet array thus causes small 
undulations of an electron that would otherwise travel along a straight line.  The X-rays 
are thus produced when the electron moving direction is oscillated in this undulator 
(Margaritondo 2002). The EPU, whose magnetic structure is shown in Figure 2.4(b), is 
different from a linear undulator in that it is composed of four quadrants. Each 
quadrant is made up of four blocks of magnetic material with different magnetic field 
directions (Marks et al. 1998; Young et al. 2002). These allow for the control of the X-
ray polarizations, as described below. 
 
Figure 2.4 (a) (Top) Schematic of a linear undulator, (bottom) Electric field vector of 
X-rays produced from a linear undulator (Margaritondo 2002); (b) Magnetic structure 
of an EPU; (c) Electric field vector of X-rays produced from an EPU (Young et al. 
2002) 
E vector 
E 
(a) (b) (c) 
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2.4.1.3 Polarization of X-rays 
The polarization and the degree of linear polarization of X-rays are very important 
in this project since we are going to measure polarization dependent NEXAFS spectra 
of the n-alkane thin films.  
 When the X-rays are produced by a bending magnet (Figure 2.5), from the side 
(ring plane) the electron looks like an oscillating charge (Margaritondo 2002). The E 
vectors of these X-rays are linearly polarized in the horizontal plane. The degree of this 
linear polarization is typically about 85% ~ 90% (Margaritondo 1988; Stöhr 1992; 
Margaritondo 2002). When viewing from a different point slightly above or below the 
ring plane, the circulating electron is seen moving along an elliptical curve, thus, the E 
vector is elliptically polarized above and below the plane, and these photons have 
circular polarization. 
Figure 2.5 (top) Emission of X-rays by a bending magnet, (bottom) Seen from the side, 
the E vector of X-rays is linearly polarized 
 
When the X-rays are produced by a linear undulator, as shown in Figure 2.4(a) 
(bottom), the electron looks like an oscillating charge in the horizontal plane; therefore, 
the E vector is linearly polarized. However, using EPU, a variety of polarizations 
(Figure 2.4(c)) can be obtained, from linear horizontal (0°) to linear vertical (90°) 
E 
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continuously, and right circular polarization (RCP), left circular polarization (LCP) 
(Marks et al. 1998). The degree of linear polarization of the E vector for EPU is 100% 
+0/-1% (Kortright 2005).  
 Since the linear polarization of X-rays can not be changed in a bending magnet 
beamline, in order to obtain the angular dependent NEXAFS spectra, the sample has to 
be rotated around the surface normal from 0° to 180° to obtain the angular dependent 
NEXAFS spectra. In the EPU beamline, the polarization of X-rays can only be changed 
from 0° to 90°. The initial sample position has to be adjusted such that at EPU = 0, the 
E vector is parallel to the macromolecular backbone of the n-alkane molecules. The 
sample is then kept still, and the polarization of X-rays is changed between horizontal 
and vertical. Therefore, in both bending magnet-STXM and EPU-STXM 
measurements, a rotatable sample holder is needed to change the orientation of samples 
relative to X-rays. This will be described below. 
2.4.1.4 Rotatable sample holder 
Figure 2.6 shows the rotatable sample holder we made and used in the polymer-
STXM measurements. This holder is composed of a support base and a rotatable 
handle, on which the sample is mounted. This holder allows for the rotation of the 
sample around the beam axis and enables us to take angular resolved NEXAFS spectra 
of laterally oriented n-alkane thin films.  
In the above mentioned two STXMs, a rotatable sample holder had to be used to 
obtain the angular dependent NEXAFS spectra through the entire 180° angles. This is 
not necessary at the Canadian Light Source because the EPU beamline is built to be 
capable of changing the linearly polarized light from 0 to 180°.  
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Figure 2.6 Rotatable substrate holder used in BL 5.3.2 and 11.0.2 STXM  
 
2.4.2 NEXAFS microscopy and spectroscopy 
From STXM, X-ray absorption images and NEXAFS spectra can be obtained. For 
imaging at a specific energy, the transmitted X-rays are recorded as a function of 
sample position by scanning the sample in the focal plane under computer control. The 
NEXAFS spectrum of a sample can be obtained directly by focusing on a spot and 
scanning the monochromator across the absorption edge, this is the so-called point 
scan. The point scan spectrum provides a quick estimation of what the sample is. The 
NEXAFS spectrum can also be acquired indirectly from line scan (Ηitchcock 2003) or 
an image sequence (Jacobsen et al. 2000). Line scan is similar to the point scan except 
that the X-ray photons are scanned on a line across some structures in a sample. Figure 
2.7 illustrates how the optical density NEXAFS spectrum can be obtained from line 
scan. First, a line including part of the sample and an open area is defined in a 
NEXAFS image (red line in the left image). And then this line is scanned across the 
absorption edge at a series of energies. In the case of n-alkane samples, the scanning 
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energy was 280 – 320 eV. The I and I0 signals were integrated in the line scan image 
(middle) and converted to OD according to Eq. (1.5), the NEXAFS spectrum (right) 
from line scan is then obtained. This procedure is done in aXis2000 program 
(Hitchcock 2000).  
 
Figure 2.7 (left) X-ray absorption image at 287.6 eV of HC sample prepared on cleaved 
NaCl substrate. (middle) The line scan image based on the line defined in the left 
image. (right) NEXAFS spectrum obtained from the line scan. 
 
In an image sequence, a series of images are taken throughout the near-edge 
spectral region. The spectrum can then be obtained by integrating signals from regions 
within this sequence of images, which is illustrated in Figure 2.8. This image sequence 
was obtained from a hexacontane sample. The images on the left were recorded at 
different energies, corresponding to the pre-edge, the C 1s → σ*C-H transition, the C 1s 
→ σ*C-C transition, and the C 1s → continuum, respectively. The marked triangle area 
is an open area, through which the I0 signal can be obtained. The square and circle 
areas are the two orientation components for this sample, which are best visualized in 
the image at 287.6 eV. The C 1s NEXAFS spectra extracted from the square and circle 
areas is shown in the right-hand figure.  
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Figure 2.8 Stack requisition (left): a series of images are taken at different energies; 
(right) the NEXAFS spectra extracted from the square and circle areas 
 
Radiation damage is a significant concern for n-alkane samples. If the sample is 
damaged, the spectrum is not trustworthy. A detailed radiation damage study is given 
in §3.2.1. In general, to avoid the accumulation of radiation doses that would cause 
damage to the sample, each spectrum was acquired from a unique sample area.  
In line scan and an image sequence, the radiation damage can be reduced by 
defocusing (in line scan) and scanning a large sample area (in an image sequence) to 
attenuate the radiation doses. The NEXAFS spectrum obtained from an image 
sequence often shows a better signal-to-noise ratio compared to line scan because in an 
image sequence the signal is integrated over a large sample area, and thus one obtains 
better statistics (Urquhart et al. 1999). All spectra presented in this thesis are obtained 
from an image sequence if not otherwise specified.  
Figure 2.9 shows the transmitted signals through sample I and through an open 
area I0. In the I and I0 signal curves, there is a dip at ~285 eV, due to the absorption by 
carbon contaminants deposited on the optical elements.  In order to account for this 
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carbon absorption, the NEXAFS spectra are reported as optical density (OD) versus 
energy (eV) according to Eq. (1.5) OD = -ln (I/I0), therefore, the decay due to source 
contamination can be normalized. On the other hand, the X-ray flux produced by the 
synchrotron radiation decays with time, i.e. the flux varies within the time scale of a 
spectrum acquisition. In order to eliminate this flux variation effect on the spectrum, 
the incident flux spectrum I0 and sample spectrum I should be obtained simultaneously.  
Therefore, a hole is always included in the sample within the imaged region and the 
spectrum extracted from the hole is used as the incident flux I0. 
 
Figure 2.9 I0 signal (dashed line) through the Si3N4 membrane and I signal through the 
sample (solid line) in the STXM microscope chamber at beamline 5.3.2 at ALS 
 
 At the carbon 1s edge, the energy calibration is done by introducing CO2 into the 
microscope chamber while the sample is in place, allowing the spectrum of the sample 
and the calibrated CO2 to be recorded simultaneously. The two absorption peaks in 
CO2 corresponding to the C 1s → 3s (ν = 0) (292.74 eV) and C 1s → 3p (ν = 0) 
(294.96 eV) are used for calibration (Ma et al. 1991). 
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2.5 Theoretical methods 
In order to study the LD of the NEXAFS features of n-alkanes, ab initio 
calculations were carried out on single alkane molecules (propane and nonane) and 
alkane clusters (propane and nonane clusters). The theoretical calculation results are 
presented in §3.4. 
Ab initio calculations were carried out by using Kosugi's GSCF3 (Gaussian self 
consistent field version 3) package (Kosugi et al. 1980). These calculations are based 
on the Improved Virtual Orbital approximation (IVO), which explicitly takes into 
account the core hole in the Hartree-Fock approximation and are highly optimized for 
inner-shell excitation and ionization calculations (Hunt et al. 1969). In this approach, 
the 1s electron is removed directly from a molecular orbital, corresponding to a specific 
1s orbital, as specified by the user. The improved virtual orbital provides a good 
approximation to the term value of the core excitation features at a specified core site 
(Kosugi et al. 1980). 
 The calculation is performed in three steps (Kosugi et al. 1980; Gordon et al. 
2003). The first step calculates the eigenvectors and eigenvalues of molecular orbitals 
(MOs) in the ground state, which is also used to identify the core MO that will lose the 
electron. In the second step, the core ionized state of the molecule is calculated by 
removing the specified core electron and allowing the system to relax and reorganize in 
the presence of the core hole. The difference between the total energy of the ground 
state (first step) and core-ionized state (second step) corresponds to the ionization 
potential of that specific core electron in the ∆SCF approach.  In the third step, the core 
excitation energies and transition probabilities are determined within the IVO 
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approximation. The accuracy of the core excitation energies depends on the basis set 
used. This calculation provides term values, oscillator strengths, excited orbital sizes, 
and the distribution of oscillator strengths along the x-, y-, and z- axis, and the orbital 
composition of each molecular orbital. The oscillator strength is the transition 
probability, which is related to the X-ray absorption cross section by Eq. (1.2) and Eq. 
(1.4), and to the experimental OD by Eq. (1.8). The term value is defined as the 
difference between the ionization potential and transition energy 
Term value = IP – transition energy                                                                           (2.2) 
 In order to theoretically study the LD of the NEXAFS features of n-alkanes, the 
character of each feature has to be clear. For the study of LD for NEXAFS features 
above the C 1s IP, minimal basis set IVO calculations were performed on an isolated 
nonane molecule (§3.4). 
As shown in §1.5, the arguments on the character of NEXAFS features below the 
C 1s IP focus on whether the Rydberg transition is attenuated in the condensed phase. 
In order to differentiate the Rydberg and valence character, a calculation of the 
separation between the singlet and the triplet state is useful. If the core electron is 
excited to a pure Rydberg orbital, the interaction with other valence electrons in the 
molecules will be small. In contrast, if the core electron is excited to a valence orbital, 
there will be a much stronger interaction with the other electrons. By the Pauli 
exclusion principle, the excited electron will have less repulsion if it is in a triplet 
valence excited state than in a singlet valence excited state (Urquhart et al. 2005). 
Therefore, a greater difference in the singlet-triplet excitation energies is expected if 
the optical orbital has a larger valence character. An approximate guide as suggested by 
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Kosugi is that a singlet-triplet energy separation smaller than 0.05 eV is usually 
considered as Rydberg character (Kosugi 2000; Urquhart et al. 2005). In the fourth step 
of the calculation, the term value and oscillator strength, etc. are calculated as if the 
spin of the excited core electron changes, ∆S = 1, as for a triple excited state.  
The IVO calculations have the potential for spurious Rydberg – valence mixing 
(Kosugi 2000) as the energies of Rydberg states are generally more accurately 
calculated than valence. Therefore, the ‘shielding refined IVO’ calculation, which will 
be described in §3.4, has been carried out. In ‘shielding refined IVO’ calculations, 
separate SCF calculations are sequentially carried out for each core-to-valence and/or 
Rydberg excited state (Kosugi 2000). For example, to optimize the first excited state, 
the doublet core ionized state of the molecule for a specified core hole is calculated by 
freezing the (N-1)-electron part and the core hole. The IP between the ground state and 
this optimized ionized state is then calculated. The core to the first excited state is then 
calculated based on the optimized doublet core ionized state. The second, third, etc. 
excited states are subsequently calculated by freezing the core hole and the previously 
optimized excited states. 
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Chapter 3 Results and Discussion 
A well-ordered n-alkane sample with lateral molecular orientation is required for 
angular dependent NEXAFS measurements. Details of these requirements are 
presented in §3.1. A variety of substrates have been examined to find which substrate 
is suitable for the growth of n-alkane thin film with lateral orientation (§3.2.3). Lateral 
orientation was found only on a few substrates. These lateral-oriented molecules were 
along different directions of the substrate surface, forming contrasting domains in the 
NEXAFS images. The domain size was small. Larger domains are needed so that a 
series of NEXAFS spectra can be acquired from the same domain at different angles. 
Therefore, the next step was to increase the domain size in the laterally oriented n-
alkane thin films (§3.2.4).  At the same time, since the sample is radiation sensitive, the 
kinetics of radiation damage was studied (§3.2.1) to give guidance as to how large a 
domain is needed for a series of spectra without the occurrence of significant radiation 
damage artifacts. With the preparation of larger, laterally oriented n-alkane domains, 
the absolute angular dependent NEXAFS spectra of these domains were acquired. 
Curve-fitting methods were used to analyze the angular dependence of specific 
spectroscopic features (§3.2.6). The degree of linear polarization of X-rays affects the 
intensity of a transition, therefore, an evaluation of this effect and its magnitude was 
given in §3.2.5. The above results are consolidated in a published paper (§3.3). 
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Theoretical calculations have been carried out to study the LD for the NEXAFS 
features of n-alkanes, presented in §3.4 as a manuscript. In the process to increase the 
domain size of laterally oriented n-alkane thin films, it was found that the morphology 
and molecular orientation of n-alkane thin films were affected by the chain length and 
substrate temperature. These results are summarized in a paper draft, presented in §3.5. 
General conclusions and future work are presented in §3.6 and §3.7, respectively. 
3.1 Molecular geometry requirements 
To measure the angular dependent NEXAFS spectra and determine the direction of 
the TDM of C 1s → σ*C-C transition, well-ordered n-alkane samples are required; 
preferably single crystals in which all the alkane chains are aligned in a single 
direction. In order to obtain angular resolved NEXAFS spectra, we need to project the 
E vector directly along the alkane chain axis, perpendicular to the chain axis, and all 
angles in between. 
 
Figure 3.1 C 1s partial electron yield NEXAFS spectra from 
perfluorodecyltrichlorosilane SAMs collected at θ = 20°, 50°, and 90°, where θ is the 
angle between the sample normal and the E vector of the X-ray (Genzer et al. 2003) 
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In a typical angle resolved NEXAFS measurement of a surface adsorbed molecule, 
for example, in an electron yield measurement, a maximum range of 70° between the E 
vector and the alkane chain can be obtained between normal and glancing incidence 
(Kinzler et al. 1994; Genzer et al. 2003), as shown in Figure 3.1.  
In transmission X-ray absorption geometry, it is possible to rotate the sample 
azimuthally over the entire 360 degree range. Different projections of the n-alkane 
molecular alignment and the E vector of X-rays are illustrated in Figure 3.2.  
Figure 3.2 Schematic of alignment of n-alkane molecules relative to the substrate in a 
transmission measurement 
 
When the X-rays are normally incident onto the sample surface (Figure 3.2(a)), 
which is the case for transmission measurements, the E vector is parallel to the sample 
Rotate 90° around 
surface normal  
E E 
E E 
Rotate 90° around 
surface normal 
(a) 
(b) 
 64 
surface. If the n-alkane chains are oriented normal on the surface, then azimuthal 
rotation will not change the subtended angle between the E vector and macromolecular 
axis, i.e. the E vector is always perpendicular to the macromolecular axis. However, if 
the n-alkane chains are laterally oriented, i.e. parallel to the substrate surface, azimuthal 
rotation of the sample will change the subtended angle between the E vector and the 
alkane chain, from 90° to 0° as shown in Figure 3.2 (b). Consequently the intensity of 
NEXAFS resonances of n-alkane samples with lateral orientation will change with 
respect to the rotation angle. 
Therefore, the desired molecular geometry in a transmission measurement is 
lateral orientation, i.e. the molecules lying along the substrate surface. Conventional 
thin film preparation involving LB and SAM processes often results in normal 
orientation or with tilt or disorder. This lateral orientation experimental geometry 
requirement creates some challenges for sample preparation. Epitaxial growth has been 
employed to prepare such samples. 
3.2 NEXAFS spectroscopy of n-alkanes 
Figure 3.3 shows a typical X-ray absorption spectrum of a HC sample that was 
deposited onto a cleaved NaCl (001) surface at room temperature in vacuum. Two 
sharp peaks are visible around 288 eV, below the C 1s IP. The IP position shown in 
this figure is estimated from that for the propane central carbon (Siegbahn et al. 1969). 
Above the IP there is a broad peak at ~292 eV and an even broader peak at ~302 eV. 
These peaks are assigned as C1s → σ*C-C transitions (Hitchcock and Ishii 1987; Stöhr, 
Outka et al. 1987). The assignment of NEXAFS features below the IP is controversial, 
as described in §1.5. The detailed assignments of these features will be given in the 
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calculation section below (§3.4). Nevertheless, we will use the conventional notation 
for each feature, i.e. C 1s → σ*C-H transitions at 287.6 eV and 288.2 eV, and C 1s → 
σ*C-C transitions at 293 eV and 302 eV (Stöhr, Outka et al. 1987).  
Figure 3.3 C 1s NEXAFS spectrum of HC sample 
3.2.1 Radiation damage study 
In NEXAFS spectroscopy of polymers, radiation damage (Rightor et al. 1997; 
Coffey et al. 2002) can be a significant concern. The nature of radiation damage is 
strongly dependent on the polymer being investigated (Zhang et al. 1995; Rightor et al. 
1997). In n-alkane samples, we expect higher radiation sensitivity compared to 
aromatic molecules (Rightor et al. 1997). The manifestation of radiation damage to the 
n-alkane samples and the kinetic study of radiation damage will be presented below.  
Manifestation of radiation damage to the n-alkane samples 
Radiation damage to the n-alkane sample may have the following forms:  
(1) Image contrast change: Figure 3.4(a) shows an X-ray absorption image of HC 
epitaxial growth on NaCl (001) surface after the inset square area was exposed to X-
rays photon dose of 20 eV/nm3. This image was taken at 287.6 eV. Outside the square 
area, dark and light domains can be differentiated by a clear boundary. Inside the 
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square area, no clear boundary between domains is observed. The square area becomes 
darker due to the radiation damage. 
(2) Change in spectrum: The observation of new features in the NEXAFS spectrum, 
which can arise from the formation of C=C double bonds or cross-linking between 
adjacent chains, or loss of features as revealed in Figure 3.4(b). The dashed line 
represents the spectrum before radiation damage, in which the C 1s → σ*C-H transitions 
are dominant. A small sharp peak at 285.0 eV, corresponding to C 1s → pi*C=C 
transition, indicates a little damage occurred in this scan. However, the overall shape of 
the spectrum is consistent with that of an undamaged sample. In the X-ray absorption 
spectrum obtained after the sample was damaged, the intensity of the sharp peak at 
285.0 eV increased and the intensity of C 1s → σ*C-H transition (~288 eV) decreased. 
The overall shape of the spectrum differs greatly from that before radiation damage. 
The loss of intensity of the C 1s → σ*C-H transitions is accompanied by formation of 
C=C bonds.  
 The formation of C=C bond in the n-alkane molecules can be understood as 
follows: the X-ray radiation might cause the breakage of a C-H bond. If two adjacent 
C-H bonds are broken, a C=C bond will be formed. In the damaged NEXAFS 
spectrum, the intensity of the C 1s → σ*C-H transition decreased and the intensity of the 
C 1s → pi*C=C transition increased, indicating that the number of C-H bonds decreased 
and that of C=C bonds increased. Therefore, the formation of C=C bonds is at the 
expense of C-H bond breakage in the n-alkane molecules. 
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(3) Mass loss: the observation of a decrease in intensity of the continuum is associated 
with mass loss. This can be caused by bond breaking, with smaller fractions leaving the 
sample, causing a decrease in intensity on the continuum of the NEXAFS spectrum.  
(4) Reorientation: radiation dose might cause the reorientation of n-alkane chains. We 
have explored this in detail in §3.3. 
                         (a)                                                                (b) 
Figure 3.4 (a) Visualization of radiation damage from X-ray absorption image. (b) 
Comparison of X-ray absorption spectra of n-alkane sample before (dashed line) and 
after (solid line) radiation damage 
 
For our study, it is necessary to quantify the radiation damage kinetics of n-alkane 
molecules because a series of angular dependent C 1s X-ray absorption spectra are 
needed from the same sample. These must be acquired without significant radiation 
damage to the sample, which would distort these spectra.  
Critical radiation dose (dc) 
Radiation damage usually causes a decrease in intensity of a feature. Sometimes it 
may cause formation of a new feature; therefore the intensity of the new feature will 
increase as seen in Figure 3.4 (b). Radiation damage is believed to be proportional to 
energy absorbed per unit volume. In order to quantify the damage rate, the spectral 
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optical density (OD) can be fitted to the following exponential expression (Coffey et al. 
2002) : 
)/exp(* cddCODOD −+= ∞                                                                                    (3.1) 
where OD∞ is a constant representing the optical density remaining after infinite 
radiation dose, d is the radiation dose and dc is the critical dose, which is a quantity that 
refers to the dose required for a 1/e attenuation of a particular spectroscopic feature lost 
by radiation (or the equivalent increase in a spectroscopic feature created by radiation 
damage). 
Determination of dc for each feature of n-alkane sample 
To measure the kinetics of radiation damage, a small sample area (4 µm ×4 µm) 
was exposed to X-ray photons. The strategy here was to first introduce a large radiation 
dose to this area at one energy to deliberately damage the sample.  And then the same 
sample area was imaged at other energies to monitor the spectral change after this 
exposure. To introduce a large radiation dose, the selected area was imaged at 340.0 
eV, at which no specific NEXAFS absorption features occur and all carbon atoms in 
the sample will absorb X-rays equally. A large dwell time (10 ms) was used to 
accelerate radiation damage. The pixel spacing was set to match the spot size of the 
beam, ensuring even exposure. To monitor the spectral change after this exposure, the 
same sample area was imaged at energies at which big spectral change occurred upon 
radiation damage as indicated in Figure 3.4 (right). These energies were 285.0 eV, 
corresponding to the C 1s → pi*C=C transition, and 288.1 eV, corresponding to the C 1s 
→ σ *C-H transition. The dwell time for these images was much shorter (1 ms) to 
ensure that the radiation dose from these scans was minimal.  
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In order to quantify the radiation damage rate of each feature, the measured images 
were converted to optical density according to Eq. (1.5). The radiation dose of each 
image was calculated according to  
.
21
effV
nnEd
×
××
=                                                                                                            (3.2) 
where: d  radiation dose (eV/nm3) 
            E  energy at which the sample was damaged (eV) 
            n1  number of photons absorbed per pixel (I0-I) 
            n2  number of pixels  
            V  volume of the damaged sample 
            eff.  efficiency of the photomultiplier tube detector (assumed to be 20%) 
(Kilcoyne, Tyliszczak et al. 2003) 
After obtaining the value of OD and radiation dose d, the OD was then plotted as a 
function of radiation dose d and fitted with the above Eq. (3.1). The fitted results are 
shown in Figure 3.5. The solid lines are exponential fits from which the critical doses 
for each transition were derived. The optical density of the C 1s → σ*C-H transition 
exhibits an exponential decay while the C 1s → pi*C=C transition exponentially 
increases. The optical density of the C 1s → continuum exhibited a slight increase with 
radiation dose, probably caused by the photon deposition during these measurements.  
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Figure 3.5 Dependence of OD of each feature on radiation dose of X-rays 
 
Based on these calculations, the critical radiation dose (dc) for the C 1s → pi*C=C 
and the C 1s → σ*C-H transitions was 48 eV/nm3 (increase) and 18 eV/nm3 (decrease), 
respectively. These results indicate that the C 1s → σ*C-H transition in n-alkane is the 
most radiation sensitive feature. In order to obtain a trustworthy NEXAFS spectrum, 
the accumulated radiation dose should be below the critical dose of the C 1s → σ*C-H 
transition, 18 eV/nm3. Therefore, to obtain ten NEXAFS spectra from a 200 nm thick 
n-alkane sample without significant radiation damage, the sample has to be at least 13 
µm ×13 µm large. 
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3.2.2 Measurement of molecular orientation and morphology 
As introduced in §1.3, the molecular orientation can be derived from the NEXAFS 
spectroscopy. This section will focus on, from a microscopic scale, how to extract 
information regarding molecular orientation and thin film morphology from the 
NEXAFS spectroscopy and microscopy by using examples. These examples are 
selected from our own n-alkane thin films. 
Molecular orientation - lateral 
Figure 3.6(a) and (b) present X-ray microscopy images, recorded at 287.6 eV for 
(a) and 330.0 eV for (b), of an HC thin film (120 nm), epitaxially grown onto cleaved 
NaCl (001) where the substrate temperature (Ts) was kept at room temperature (RT) 
during deposition. Figure 3.6 (c) shows the extracted spectra from the dark and light 
domains present in Figure 3.6 (a).  
Strong image contrast is observed in Figure 3.6(a), recorded at the energy of a C 1s 
→ σ*C-H transition, while there is no contrast in Figure 3.6(b), recorded at an energy in 
the post-edge continuum. The origin of the X-ray absorption image contrast is shown 
by  
I = I0 exp(-µ⋅ρ⋅t)                                                                                                         (3.3) 
where the meaning of each symbol is identical to those defined in Eq. (1.6).  
The image contrast in Figure 3.6(a) may arise from either the presence of different 
chemical components or molecular orientation (reflected in the mass absorption 
coefficient µ) or from differences in sample thickness (t). Given the purity of the 
source material HC (98%) and the effect of distillation by evaporation in a vacuum 
chamber, the presence of other chemical species can be excluded. 
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                                 (a)                                                             (b) 
(c) 
Figure 3.6 X-ray absorption images of a film of HC (epitaxially grown on air-cleaved 
NaCl) recorded at (a) 287.6 eV, (b) 330 eV, (c) NEXAFS spectra extracted from the 
light (dashed line) and dark (solid line) domains in HC image (a). The inset presents 
the full scale spectra. 
 
Whether this image contrast is caused by molecular orientation or sample 
thickness variation can be clarified by recording an X-ray absorption image at energies 
where no spectroscopic features are present. For the n-alkane sample, there are no 
spectroscopic features above 315 eV and the mass absorption coefficient reflects the 
atomic photoionization cross section. Therefore, if the sample is uniform, i.e. no 
variation in sample thickness, the image recorded above 315 eV should not exhibit any 
image contrast. Otherwise if image contrast is observed above 315 eV, the sample is 
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not uniform, and therefore the contrast observed in the image at 287.6 eV is a result of 
sample thickness variation.   
The fact that for this sample, no appreciable contrast can be observed in the image 
at 330 eV leads us to conclude that this sample is uniform. The uniformity of this 
sample can be also verified by the identical postedge of the two spectra extracted from 
the dark and light domains in Figure 3.6(a) because the optical density in the postedge 
is proportional to the sample thickness according to Eq. (1.6). Therefore, this sample is 
uniform and the image contrast in Figure 3.6(a) can be attributed entirely to different 
molecular orientations present in the thin film (i.e. the variation in µ with the 
molecular orientation). The intensity of the C 1s → σ*C-H transitions varies with the 
molecular orientation, indicating that this sample is well ordered with the HC 
molecules oriented, laterally, on the sample surface. 
Molecular orientation - normal 
Figure 3.7 shows the C 1s NEXAFS spectra of the HC sample, prepared on 
evaporated KCl thin films, before (solid line) and after (dashed line) the sample holder 
was rotated by 90°. The ‘after rotation’ spectrum has been offset for clarity. In the solid 
line spectrum, the C 1s → σ*C-H transitions are dominating, indicating that the E vector 
of X-rays is perpendicular to the macromolecular backbone, i.e. the E vector is along 
the C-H bonds. This might be caused by two situations: the molecules are laterally 
oriented on the substrate and the E vector happens to be along the C-H bonds; or the 
molecules are normally oriented on the substrate, in the transmission measurement, the 
E vector is always along the C-H bonds and the rotation of the sample will not change 
this dominance (cf. Figure 3.2 (a)). This can be verified by rotating the sample by 90° 
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around the surface normal. The corresponding NEXAFS spectrum after rotation was 
represented by the dashed line, in which the C 1s → σ* C-H transitions are still 
dominant. The C 1s → σ* C-H transitions exhibit maximum intensity in both spectra, 
indicating that the HC molecules are normal to the substrate surface. 
Figure 3.7 C 1s NEXAFS spectra of HC thin films, prepared on evaporated KCl thin 
films, before (solid line) and after (dashed line) the sample holder was rotated by 90°. 
The second trace is shifted for clarity. 
Thin film morphology 
As shown in Figure 3.6, the HC films deposited on cleaved NaCl (001) surface at 
room temperature are continuous and uniform, as revealed in the images and spectra. 
Figure 3.8 presents an X-ray microscopy image recorded at 287.6 eV of a HTC film 
(120 nm thick), deposited onto a cleaved NaCl (001) surface, which was maintained at 
room temperature during deposition (Ts = RT). In this figure, a combination of raft-like 
structures (vertical and horizontal bars, oriented 90o to each other) and disk-like 
structures (round domains) is observed. Among the raft-like and disk-like structures, 
voids are visible. There are no HTC molecules in these void areas. NEXAFS spectra 
extracted from the raft-like and disk-like domains are presented in Figure 3.8 (right). 
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The spectrum extracted from a vertically-oriented bar shows maximum absorption at 
~293 eV, corresponding to C 1s → σ*C-C transition. The spectrum from a horizontally-
oriented bar has maximum at ~288 eV (C 1s → σ*C-H transition), indicating that the 
macromolecular axis of HTC molecules in each raft-element are parallel to the 
substrate surface, but oriented normal to the longitudinal direction of the element. 
Some defects (raft elements that are not orthogonally oriented) can be attributed to the 
flotation of the sample on H2O as the NaCl substrate is removed.  
Figure 3.8 X-ray absorption images of a film of HTC (epitaxially grown on air-cleaved 
NaCl) recorded at 287.6 eV (left), and NEXAFS spectra (right) extracted from the 
contrasting domains in the HTC image 
 
In addition to the raft elements, “disk-like structures” are observed between the 
raft elements. These disk-like structures are thinner than the raft-like structures as 
revealed in the spectra. The NEXAFS spectra show that HTC molecules in these 
domains are oriented normal to the substrate surface (solid line in Figure 3.8 (right)), 
which is different from those molecules in the raft-like structure. Therefore, in this 
HTC sample, lateral and normal orientations are present. The image contrast in the X-
ray absorption image is caused by both the molecular orientation difference and sample 
thickness variation.  
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A comparison between Figure 3.6 and Figure 3.8 reveals that the morphology and 
molecular orientation of the HTC sample are quite different from the HC sample. 
NEXAFS spectroscopy and microscopy have exhibited their capability to provide 
information on molecular orientation and morphology of n-alkane thin films at the 
microscopic scale.  
3.2.3 Substrate dependent n-alkane molecular orientation 
As introduced in §1.6, n-alkane thin films can be grown on a variety of substrates. 
In order to obtain laterally oriented n-alkane thin films, different substrates were 
explored. The molecular orientation of thin films of n-alkane hexacontane (n-C60H122, 
HC) prepared on different substrates has been investigated by NEXAFS spectroscopy 
and microscopy. The results indicate that the molecular orientation of the n-alkane is 
strongly dependent on the substrates. This section only shows substrates on which the 
lateral molecular orientation of n-alkanes has been obtained. The other explored 
substrates are shown in §A1. 
3.2.3.1 HC films prepared on solution-cast KHP substrate  
The first substrate that was tried was solution-cast potassium hydrogen phthalate 
(KHP) crystals. This selection was based on a report that pentacontane and 
hexacontane molecules have been epitaxially grown on solution-cast KHP substrates 
(Zhang et al. 1989). These molecules are laterally oriented to the substrate surface 
along two directions. The angle between these two directions is about 70°, 
corresponding to the subtended angle between the two <110> directions of the KHP 
(001) surface.  
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Figure 3.9(a) shows an X-ray absorption image of HC prepared on solution-cast 
KHP substrate. This image was acquired at 287.6 eV. Contrasting banded structures 
were observed. Within each banded structure, small domains with contrast were 
visible. The C 1s NEXAFS spectra extracted from the dark and light domains are 
presented in Figure 3.9(b). These two spectra have the identical postedge optical 
density. The optical density of the C 1s → σ*C-H transitions and C 1s → σ*C-C 
transitions changed with contrast. These results indicate that the HC molecules were 
laterally oriented on the substrate surface, this sample had uniform thickness, and the 
image contrast observed in the image was due to molecular orientation. The domain 
size was visually estimated to be in the sub-micron scale. 
                           
                                (a)                                                        (b)  
Figure 3.9 (a) X-ray absorption image of HC sample prepared on solution-cast KHP. 
This image was taken at 287.6 eV. (b) NEXAFS spectra correspond to the dark (solid 
line) and light (dashed line) domains in image (a) 
3.2.3.2 HC on cleaved NaCl (001) surface 
Cleaved alkali halide surfaces have long been used as the substrate for the epitaxial 
growth of n-alkane thin films. These thin films have been studied experimentally 
(Koutsky et al. 1966; Walton et al. 1968; Wellinghoff et al. 1974; Ishida et al. 1993) 
and theoretically. Theoretical calculations (Mauritz et al. 1973; Mauritz et al. 1978) 
reveal the preferred orientation for n-alkane molecules is to lie on rows of the sodium 
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ions in the <110> directions where the permanent dipoles of the CH2 units are 
perpendicular to the substrate surface (001) face. Figure 3.10(a) shows the 
orthorhombic subcell structure of paraffin (Balta Calleja 1965). The subcell parameters 
for paraffin are as = 7.58 Å, bs = 4.94 Å and cs = 2.54 Å, (s denotes subcell). Each unit 
contains two paraffin molecules. Figure 3.10(b) shows the epitaxial growth of paraffin 
on cleaved NaCl (001) face (Willems 1958). The contact plane is the (010) plane of PE 
parallel to the (001) face of NaCl with the macromolecular axis of PE (c-axis) is along 
the crystallographically equivalent <110> directions of NaCl (Wittmann et al. 1983).  
Therefore, cleaved NaCl (001) surface was the second substrate we have tried for 
the epitaxial growth of HC samples.  
                            (a)                                                              (b) 
Figure 3.10 (a) Orthorhombic subcell structure of paraffin. (as = 7.58 Å, bs = 4.94 Å 
and cs = 2.54 Å) (b) Epitaxial growth of paraffin on NaCl (001) face 
 
 The X-ray absorption images and NEXAFS spectra of this HC sample were shown 
in Figure 3.6, above. The detailed analysis shown in §3.2.2 indicated that the HC 
molecules on cleaved NaCl (001) surface were laterally oriented on the NaCl surface, 
this sample had uniform thickness, and the image contrast observed in the image was 
<110> 
<110> 
Cl¯  Na+ C H 
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due to molecular orientation. The domain size was visually estimated be in the tens of 
nanometer. 
3.2.3.3 HC on evaporated terephthalic acid (TA) 
TA has never been reported as the substrates for growth of n-alkanes thin films. 
We selected TA because of its structure similarity to benzoic acid (BA), containing a 
benzene ring and the COOH group. Unlike comelting of BA, TA was a successful 
substrate for inducing lateral orientation of n-alkane molecules. The TA substrate was 
prepared in vacuum. Figure 3.11 shows an X-ray absorption image of HC films formed 
on evaporated TA substrates and the NEXAFS spectra extracted from the dark and 
light domains. The image contrast in the left image and the different OD of C 1s → 
σ*C-H (~288 eV) and C 1s → σ*C-C transitions (~ 293 eV) in these two spectra 
indicated the HC molecules were laterally oriented on TA substrate. 
Figure 3.11 X-ray absorption image (left) of HC films formed on evaporated TA 
substrates and NEXAFS spectra (right) extracted from the dark and light domains 
 
In addition to the above substrates, we have tried other organic and inorganic 
substrates. These substrates were: solution-cast p-bromo benzoic acid (p-BBA), 
evaporated p-phenyl benzoic acid (p-PBA) thin film, evaporated KCl thin film and 
Si3N4 membrane windows. The results of HC thin films formed on these substrates are 
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presented in §A1. Briefly, the X-ray absorption spectroscopy and microscopy showed 
that HC molecules were normally oriented on the substrate surface when prepared on a 
solution-cast p-BBA substrate, on Si3N4 membrane windows and on an evaporated KCl 
thin film. The HC thin film did not have a uniform thickness when prepared on an 
evaporated p-PBA thin film. 
The different molecular orientation of HC observed on the above various 
substrates can be understood in terms of the different molecule-substrate interactions. 
The molecule-molecule interaction strength is nearly the same for lateral and normal 
orientation for a multilayer sample. If the molecule-substrate interaction is stronger 
than the molecule-molecule interaction, then the HC molecules tend to lie along the 
substrate surface. If the molecule-substrate interaction is weak, then normal orientation 
tends to occur.  
For the same molecules, the strength of the molecule-substrate interaction depends 
on the properties of the substrate. The cleaved NaCl (001) surfaces and solution-cast 
KHP surfaces are ionic crystalline substrates, which exhibit a long range surface order. 
In addition to the van der Waals interactions, there are additional ionic interaction and 
induced dipole interactions. Therefore, the HC molecules are oriented laterally on such 
substrate surfaces. For the TA substrate, the observation of lateral orientation of HC 
leads us to conclude that there is strong interaction between HC molecule and TA 
surface. However, it is not clear what causes such strong interaction. 
Summary on substrate dependency of molecular orientation 
Based on the above results, the HC molecules assume normal orientation when 
prepared on bare Si3N4 membrane windows, evaporated p-BBA thin films, evaporated 
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KCl thin films, and melted BA thin films. While on cleaved NaCl (001) surface, 
solution-cast KHP, and evaporated TA thin films, the lateral orientation of HC 
molecules were achieved. However, the domain size of the lateral orientation of HC 
thin films is so small, in the range of tens nanometers. Multi-spectra can not be taken 
for this kind of samples because it is hard to track the position when rotating the 
sample and radiation damage will not allow it. Therefore, the next step is to increase 
the single orientation domain size.  
Strategies to increase domain size 
Several strategies including improvement of the substrate preparation, annealing of 
the thin films, and preparing thin films at elevated substrate temperatures, have been 
employed to increase the size of laterally oriented domains in the HC thin films.  
It is expected that larger substrate crystal surface will favor the formation of larger 
domains of deposits. For KHP substrates, larger KHP crystals can be obtained when 
chelating with ethylenediaminetetraacetic acid, which can be cleaved just like NaCl 
single crystal (Srinivasan et al. 1999). This has been used as a substrate for HC 
deposition. The X-ray absorption microscopy and microscopy (data shown in §A2) 
shows that the HC sample prepared on such substrates contained small contrasting 
domains in which the HC molecules are laterally oriented on the substrate along 
different directions. Therefore, the domain size of HC crystals did not improve on such 
substrates. 
Rapid thermal annealing after the film formation (Torsi et al. 1995) and preparing 
the thin film at an elevated substrate temperature (Bouchoms et al. 1999) are the two 
methods usually employed to improve the size of the crystallites. The former involves 
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rapidly increasing the temperature above the melting point, leaving the sample at this 
high temperature for a few seconds, and then slowly cooling down to allow 
recrystallization. This method has been successfully used for α-hexathienylene thin 
films to improve the size of the crystallites to tens of microns (Torsi et al. 1995; 
Lovinger et al. 1996). The second method has been applied to the pentacene molecules 
on SiO2 substrates (Bouchoms et al. 1999). Maximum single crystal size of ~15 µm is 
found when the pentacene molecules are deposited at a substrate temperature of 80°C. 
Here, we prepared the thin HC films on cleaved NaCl (001) surface and TA thin film 
substrates in a vacuum chamber at elevated substrate temperatures in order to increase 
the domain size.  
For TA thin film substrates, the HC molecules were deposited on it at different 
substrate temperature of 36°C and 54°C. The X-ray absorption spectroscopy and 
microscopy results (data shown in §A3) show that the HC sample prepared on TA 
substrates at different substrate temperature contained small domains with contrast and 
the HC molecules in each domain with contrast are laterally oriented on the substrate 
along different directions. Therefore, the domain size of HC crystals did not improve 
on TA substrates at different substrate temperature.  
For NaCl substrates, the HC molecules were deposited at different substrate 
temperatures. It is found that the average domain size of HC crystals prepared on such 
substrates increased at higher substrate temperature. The details are given in §3.2.4 and 
§3.5.  
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3.2.4 Dependency of domain size on substrate temperature (Ts) 
This section presents the results for the largest domain size we have obtained for 
this sample. Figure 3.12 (a) presents an X-ray microscopy image recorded at 287.6 eV 
of an HC thin film evaporated onto freshly cleaved NaCl, where the substrate 
temperature was held at 45°C during evaporation. The contrast in this sample is much 
more uniform, consisting of an open area (white) where no sample is present, a matrix, 
and some dispersed domains. The contrast inverts when the sample is rotated by ~70° 
(Figure 3.12 (b)) about the photon axis (NB bending magnet image, x-ray electric field 
vector is horizontal). The dark lines observed in Figure 3.12 (b) are most likely due to 
the sample reorientation caused by the small radiation dose incurred when taking 
defocused spectra along these lines. The radiation damage threshold for chemical 
change is much higher than that for reorientation (see §3.3 and §3.2.1). From this 
polarization contrast and inversion, we see that the sample consists of a major phase 
aligned in one direction and a number of minor phases, aligned at right angles to the 
major phase. This is further developed through spectroscopy of the major phase, below.  
                                (a)                                                 (b) 
 
Figure 3.12 NEXAFS images of HC epitaxially grown onto cleaved NaCl (001) surface 
in vacuum with Ts = 45°C. Images were taken at 287.6 eV with the sample rotated 70° 
 
12µm 10µm 
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The increase in the domain size when the sample is deposited at 45°C relative to 
the sample deposited at room temperature suggests that some energy is required to 
overcome the diffusion energy barrier Ea to grow larger crystals as indicated in Eq. 
(1.22). For the sample prepared at room temperature, the molecular movement on the 
substrate is limited as there is less thermal energy to overcome the Ea. This will be 
explored in §3.5. 
The sample deposited at a substrate temperature of 45°C has larger domains, 
which we use for our angle-resolved NEXAFS measurements. The substrate 
temperature effects on molecular orientation and domains size will be investigated in 
detail in §3.5. 
3.2.5 Comparison of NEXAFS spectra from bending magnet and EPU  
Angle-resolved NEXAFS spectra can be measured by using a bending magnet and 
an EPU source. A difference between these two X-ray sources is the degree of linear 
polarization, which has been shown to affect the intensity of a NEXAFS resonance 
(Stöhr 1992). In the bending magnet measurements, the E vector of X-rays is elliptical 
in the horizontal plane. The degree of linear polarization is estimated to be 85~90% 
(Margaritondo 1988; Stöhr 1992). A recent measurement indicates the degree of linear 
polarization is 67% in the 5.3.2 STXM at ALS (Watts et al. 2006). In the EPU 
measurements, the degree of linear polarization has been measured to be 100% +0/-1% 
(Kortright 2005). The polarization of X-rays for this polarization can be changed from 
horizontal (EPU = 0°) to vertical (EPU = 90°) (Young et al. 2002). Figure 3.13 
compares the NEXAFS spectra of an HC sample obtained by using a bending magnet 
and an EPU source. These spectra were acquired with the E vector oriented along the 
 85 
macromolecular backbone, i.e. θ = 0°. The HC sample was prepared on cleaved NaCl 
(001) surface at Ts = 45°C. 
 
Figure 3.13 Comparison of spectra obtained from bending magnet and EPU 
 
Large systematic differences were observed between the Carbon 1s spectra 
recorded using the bending magnet STXM (BL 5.3.2) and the EPU sourced MES-
STXM (BL 11.0.2) microscope, as presented in Figure 3.13. In particular, the 
intensities of all strong transitions are attenuated in the bending magnet spectrum. 
There are two pertinent origins for spectroscopic distortion: photon ellipticity and 
higher harmonic photon contamination. The degree of polarization of X-rays produced 
from EPU is believed to be 100% and 85~90% from bending magnet. The increased 
ellipticity of a bending magnet source is expected to decrease the magnitude of the 
linear dichroism. However, ellipticity is not the likely origin of all of these differences. 
In this geometry, increased photon ellipticity would decrease the intensity of the 293.5 
eV C 1s → σ*C-C transition but increase the intensity of the pre-edge C 1s → σ*C-H 
transition. However, all strong spectroscopic features are attenuated in the bending 
magnet spectra shown in Figure 3.13.  
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Higher harmonic contamination is a particular concern for the bending magnet 
STXM, which uses a spherical grating monochromator (SGM). The SGM 
monochromator is known to produce significant 2nd and 3rd order harmonics. In 
contrast, the plane grating monochromator on the MES-STXM beamline does not 
produce higher harmonics as efficiently. As higher harmonics will not be absorbed by 
the sample with the same efficiency as the first harmonic photons, both the I and Io 
signals in Eq. (1.5) will be artificially higher than for a pure 1st order radiation source, 
and the magnitude of the optical densities will be suppressed. In the STXM 
microscope, the order sorting aperture (Figure 2.3) should filter out most of the higher 
harmonic photons, which will be diffracted into the 2nd order focus, but small 
misalignments can also lead to higher harmonic pollution. Higher harmonics can also 
be transmitted directly through the central stop of the zone plate if this component is 
not thick enough. Because of the distortion of the bending magnet NEXAFS spectra 
due to 2nd order photon flux and the photon ellipticity, the EPU data will only be used 
for the subsequent analysis of the absolute angle dependence of HC. 
3.2.6 Analysis of angle resolved NEXAFS spectra  curve fitting 
A curve fitting technique was employed to quantitatively analyze the angular 
dependence of each resonance in the NEXAFS spectrum of n-alkanes. From the 
angular dependence of each transition, the direction of the TDM of the C 1s → σ*C-C 
transition, as well as that for the other transitions, can then be determined.  
Several methods are used to analyze the angle resolved NEXAFS spectra of n-
alkanes. The conventional method is the difference spectrum method (Outka et al. 
1987; Outka et al. 1988; Stöhr 1992). This method produces a resonant background and 
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only three well-separated resonances (C 1s → σ*C-H, C 1s → σ*C-C, and C 1s → σ*C-
C’) of an alkane spectrum have been recognized (Outka et al. 1988); (Kinzler et al. 
1994) as shown in Figure 3.14..  
Figure 3.14 Curve fitting of the C 1s NEXAFS spectrum of three layers of Ca 
arachidate recorded at a photon incidence angle of 50°. (Lower part) background 
(residuum) used in the fitting process (Kinzler et al. 1994) 
 
However, a high resolution NEXAFS spectrum of hexatriacontane (n-C36H74) 
clearly reveals two peaks in the C 1s → σ*C-H resonance (Ohta et al. 1990). These two 
peaks are separated by only 0.6 eV. Such strongly overlapped features exclude directly 
using this difference spectrum method to analyze these resonances as the magnitude of 
the overlapping peaks in the difference spectra partially cancel each other. Therefore, 
deconvolution of these resonances via peak fitting for the raw angular-resolved 
NEXAFS spectra has been employed to obtain the alkyl chain tilt angle of 
hexadecanethiol on Au (111) substrate (Willey et al. 2004) and chain orientation of 
hexane multilayer on n-alkanethiolate (C6H13S) monolayer (Kondoh et al. 2001). In our 
 88 
high resolution NEXAFS spectra of HC samples, even more resonances are visible and 
these resonances are strongly overlapped, sometimes, with opposite polarization 
dependence. Therefore, the regularly used difference spectrum method is not suitable 
for such complicated spectra.   
In this thesis, deconvolution of the resonances in the NEXAFS spectra of the n-
alkane sample was accomplished by simultaneously fitting spectra acquired at a series 
of different subtended angles between the E vector and HC macromolecular backbone. 
 These angular dependent NEXAFS spectra were obtained on the MES-STXM 
microscope. In order to match the EPU = 0° to θ = 0°, i.e. at EPU =0°, the E vector is 
oriented along the macromolecular backbone of the n-alkanes; the sample was rotated 
around the surface normal. The NEXAFS spectrum at EPU = 0° was taken after each 
rotation. When the intensity of the resonance at 293.5 eV reached a maximum, that 
sample position is the position at which the E vector is oriented along the 
macromolecular backbone of the n-alkanes, i.e. θ = 0°. And then the sample was kept 
in that position, the polarization of EPU was changed from 0° to 90° at 10° increment, 
corresponding to θ = 0°, 10°, …, 90°. 
These raw NEXAFS spectra were fitted by using the MGAUSS program 
(Tyliszczak 1995). This program allows the simultaneous fitting of multiple spectra to 
a common set of parameters, with the capability of constraining specific parameters 
across the entire dataset. For a series of NEXAFS spectra acquired for one molecule at 
different angles, we expect the intensities of specific peaks to vary, but their position 
and width will be invariant. Therefore, we constrained our fit so that the energy and the 
width of each feature would vary identically in the fits of all spectra but the intensity of 
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this feature could vary independently. To achieve the best fit of the 10 spectra recorded 
with different subtended angles θ, 8 Gaussian curves corresponding to the spectral 
features, (the number of Gaussian peaks was determined by observing all angle-
dependence spectra), an error step function corresponding to the ionization edge of 
carbon (fixed at 289.7 eV, 1.0 eV lower than the ionization potential of propane in the 
gas phase), and an orientation independent background were used. The parameters for 
the positions and shapes of the various NEXAFS resonances with angular dependent 
intensity are listed in Table 3.1. 
Table 3.1: Parameters used in MGAUSS fit.  
 
Peak position (eV) 287.63 288.23 288.51 289.1 291.5 293.5 296 301 
FWHM(eV) 0.51 0.68 0.54 2.3 1.3 3.6 6 8 
 
Figure 3.15 shows the curve fitting results of the angular dependence of the 
NEXAFS spectra of HC films prepared at Ts = 45°C, obtained at 11.0.2 STXM of EPU, 
at 10 subtended angles between the E vector and HC alkyl backbone, θ = 0°, 10°, 20°, 
30°, 40°, 50°, 60°, 70°, 80°, and 90°. 
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Figure 3.15 Fits of the C 1s NEXAFS spectra of HC thin films at different angles from 
0° to 90° in 10° increments 
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The dotted line represents the experimentally measured spectra; the thick solid line 
is the best-fit spectra from MGAUSS; thin solid lines are the Gaussian peaks; the 
dashed line the error step function, representing the atomic photoionization cross 
section below and above the absorption edge, and the dash-dot line the background. 
The intensity of the C 1s → σ*C-H transition and the C 1s → σ*C-C transition varied 
with the subtended angle θ between the electric field vector and the HC alkyl 
backbone, indicating that this sample is well oriented. The detailed analysis of the 
angle-resolved C 1s NEXAFS spectra was given in §3.3. 
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3.3 Linear dichroism in the X-ray absorption spectra of n-alkanes  
 
This section documents the linear dichroism in the NEXAFS spectra of an HC 
samples prepared on cleaved NaCl (001) surfaces. The detailed analysis of the angular 
resolved NEXAFS spectra of the HC samples is given. The results show that the 
transition dipole moment associated with the C 1s → σ*C-C transition is oriented along 
the macromolecular chain axis, contradicting the predictions of the building block 
model. Four features are revealed below the C 1s IP of n-alkanes. The intensity of the 
first two features exhibits an opposite angular dependence compared to that for the C 
1s → σ*C-C transition, while the third feature exhibits the same angular dependence as 
the C 1s → σ*C-C transition. This work has been published in Journal of Physical 
Chemistry A, 2005, 109(51), 11724-11732. This work is presented here in its as-
accepted form. 
 The author of this thesis developed the sample preparation methods, prepared the 
samples, acquired the NEXAFS spectra, and fit the angular-resolved NEXAFS spectra. 
In close collaboration with Dr. Urquhart, this work was published. 
 The author of this thesis obtained Dr. Urquhart’s agreement to present the work in 
this thesis. 
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Linear Dichroism in the X-ray Absorption Spectra of Linear n-
alkanes 
Juxia Fu and Stephen G. Urquhart * 
Department of Chemistry, University of Saskatchewan, 110 Science Pl, Saskatoon, 
Saskatchewan, Canada S7N 5C9 
The nature of the linear dichroism in the Near Edge X-ray Absorption Fine Structure 
(NEXAFS) spectra of linear n-alkanes is a matter of long standing controversy. Linear 
dichroism in the Carbon 1s → σ*C-C transition has been interpreted within a building-
block model and a molecular orbital model, leading to two different descriptions for 
the angular dependence of this feature. When used for measurement of molecular 
orientation, the application of these two different models will lead to different results. 
We have explored the linear dichroism in the Carbon 1s NEXAFS spectra of single 
crystals of the linear n-alkane hexacontane (n-C60H122). An analysis of the angular 
dependence in this spectrum shows that the transition dipole moment associated with 
Carbon 1s → σ*C-C transition is oriented along the macromolecular chain axis, 
contradicting the predictions of the building block model. However, other transitions 
are observed in the σ*C-H and the σ*C-C bands that are orthogonal to the dominant 
transitions for each band. We also observe that radiation damage can be manifest in the 
form of molecular reorientation in highly ordered organic thin films.  
Corresponding author: email stephen.urquhart@usask.ca  
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Introduction 
Linear dichroism (LD)1-3 is the anisotropic absorption of linearly polarized 
electromagnetic radiation (EMR). LD spectroscopy is widely used to measure the 
orientation of biomaterials such as DNA,4 proteins, polypeptides,5 molecules adsorbed 
on surfaces,6 self-assembled monolayers (SAMs),7 Langmuir-Blodgett films,8 rubbed 
polymers,9 etc. Linear dichroism studies have been carried out by a wide variety of 
spectroscopic techniques, including surface enhanced Raman spectroscopy (SERS),10 
attenuated total reflectance (ATR) spectroscopy,11 infrared reflection absorption 
spectroscopy (IRRAS),12 polarization modulation IRRAS spectroscopy,12 near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy6,13 and NEXAFS 
spectromicroscopy.13 
NEXAFS spectroscopy6 is an ideal technique for probing the molecular orientation 
of organic materials because sharp core level excitations for carbon, nitrogen, oxygen 
and fluorine occur in the soft X-ray region. Features in NEXAFS spectra are typically 
described in terms of one electron transitions from core levels to unoccupied valence 
orbitals of pi* and σ* symmetry, as well as Rydberg orbitals. These spectroscopic 
features can be used to identify the chemical composition of materials14-16 and their 
angle dependence can be used to measure the orientation of specific chemical 
moieties.6,17-20 
The intensity of the NEXAFS resonances depends on the angle θ  between the 
electric field vector of X-rays (E) and the direction of transition dipole moment (TDM, 
µif) according to: 
 θµ 22 cos∝•∝ ifEI    (1) 
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where µif is the TDM for the one electron transition from the initial state iψ  to the final 
state fψ  according to: 
ifif ψµψµ =     (2) 
For example, for a 1s → pi* transition, the TDM is perpendicular to the nodal plane of 
the pi-bond. The transition intensity varies as θ2cosAI = , where A describes the 
angle-integrated cross section and θ is as defined above.  
In unsaturated molecules, the symmetry of the pi* orbital creates an unambiguous 
relationship between the molecular frame and the TDM for the core → pi* transition. 
Examples of the use of core → pi* transitions for measurement of molecular orientation 
include polymer surfaces such as polyimides9 and polystyrene21 as well as many small 
molecules adsorbed on single crystal surfaces.6 
In saturated molecules such as n-alkanes, the character of the 1s → σ* transitions 
is controversial. As a starting point, there is a long standing, perhaps never-ending 
controversy regarding the assignment of continuum features as σ* shape resonances. 
There is specific disagreement regarding the assignment of Carbon 1s → σ*C-C 
transitions in simple hydrocarbons such as ethane.22 If, for the sake of discussion, we 
accept that continuum resonances in the Carbon 1s NEXAFS spectra of n-alkanes can 
be considered as Carbon 1s → σ*C-C transitions, our next step is to consider their 
character. Unlike unsaturated molecules, the TDM vector for Carbon 1s → σ*C-C 
transitions cannot easily be projected onto the molecular frame. There are two common 
models for the σ*C-C excited state: a building block (BB) model and a molecular orbital 
(MO) model. These models and the consequences of their selection will be discussed in 
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detail below. Even if the continuum features observed in the NEXAFS spectra of n-
alkanes cannot be properly assigned as Carbon 1s → σ*C-C transitions, measurement of 
their angle dependence still remains relevant as these spectroscopic features continue to 
be for measurements of molecular orientation, despite the ambiguity in their theoretical 
justification.  
In the building block (BB) model proposed by Outka, Stöhr and co-workers,23 a 
molecule is viewed as an assembly of diatomic subunits or “building blocks”. Linear 
alkanes are treated as the assembly of individual C-C “building blocks”, and the angle 
dependence of the Carbon 1s → σ*C-C transition arises from the sum of the TDM’s of 
the individual C-C building blocks, each TDM aligned along each C-C bond. Since this 
model implicitly considers the electronic structure as the sum of the properties of 
specific bonds between diatomic pairs, this is in essence a valence bond description. In 
contrast to this BB model, Hähner et al.7 have used a molecular orbital (MO) approach 
to consider the angle dependence of the C 1s NEXAFS spectra of n-alkanes. A 
molecular orbital can be delocalized over all or part of a molecule and not (necessarily) 
localized to a specific bond pair. Intuitively, we expect the σ*C-C molecular orbital will 
be delocalized and aligned along the macromolecular axis of the n-alkane chain, rather 
than oriented along specific C-C bonds. As a consequence, the TDM of the Carbon 1s 
→ σ*C-C transition should be aligned along the macromolecular axis in the MO model.  
The predicted angle dependence for the Carbon 1s → σ*C-C transition in the NEXAFS 
spectrum of a linear n-alkane molecule based on the BB and the MO model is 
presented in Figure 1. This angle dependence is expressed as a function of the angle 
between the electric field vector (E) and the macromolecular chain axis of the n-alkane. 
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The BB model is constructed by adding up the bond specific contributions where the 
TDM is aligned along individual C-C bonds and the sum is derived using appropriate 
C-C-C bond angles.24 The MO model assumes that the TDM is directed along the chain 
axis as a delocalized σ*C-C molecular orbital.7  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Relationship between the transition intensity and the angle between the 
transition dipole moment (TDM) and the electric field vector (E) for the Carbon 1s 
NEXAFS spectra of linear alkanes, calculated within the building block (BB; solid 
line) and the molecular orbital (MO; dashed line) models. The intensity scale is defined 
according to θ2cosAI = , where A describes the angle-integrated cross section (A = 1 
in this figure). 
 
Both models show that the intensity of the Carbon 1s → σ*C-C transition is at a 
maximum when the electric field vector is directed along the chain axis (θ = 0°) and 
reaches a minimum when the electric field vector is perpendicular to the chain axis (θ = 
90°). The key difference between these models is the magnitude of the change. In the 
MO model, the intensity of the Carbon 1s → σ*C-C transition is predicted to go to zero 
at θ = 90 while this transition never goes to zero intensity in the BB model. The 
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difference between models can be understood by considering the cos2θ dependence for 
bond-specific contributions in the BB model. The MO and BB models are, of course, 
idealizations. This fact provides all the more reason why precise experimental 
measurement of this linear dichroism is required, as these theoretical idealizations are 
the current basis of experimental methods for measuring molecular orientation.  
Both the BB and the MO model have been widely used in the literature for the 
analysis of the orientation of alkanes such as alkyl thiol and semi-fluorinated self-
assembled monolayers adsorbed on planar surfaces (see references 25, 26). Here, the 
analysis is quite complex: the orientation of the spectroscopic TDM is described by a 
tilt angle (α) relative to the surface normal and an azimuthal angle about the surface 
normal (φ).6 This azimuthal dependence will be averaged when multiple domains are 
present, such as in a typical self-assembled monolayer film.6 The model relating the 
TDM to the molecular axis is then used to relate the spectroscopic angle dependence to 
the molecular orientation, using either the BB or the MO model. Several other factors 
can affect the magnitude of the linear dichroism. With any degree of azimuthal 
disorder, the intensity of the Carbon 1s  σ*C-C transition can not go to zero – even in 
the MO description – unless the alkane chain is oriented exactly normal to the sample 
surface (α = 0). Disorder in the chain conformation and photon ellipticity will also 
reduce the magnitude of the linear dichroism. 
To understand the linear dichroism in the Carbon 1s NEXAFS spectrum of linear 
alkanes, we need to experimentally characterize the absolute angle dependence of 
transitions found in its spectrum. For this, we require a highly-ordered sample, 
preferably a single crystal. In particular, we wish to avoid the azimuthal averaging 
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present in self-assembled monolayers. We also wish to measure the spectra of 
hexacontane (HC) at all possible angles between the x-ray electric field vector and the 
molecular chain axis. In a typical angle resolved NEXAFS measurement of a surface 
adsorbed molecule, the angle explored ranges between glancing (~20o) to normal (90o) 
incidence. Several possible orientations of the n-alkane molecule in transmission 
geometry are presented in Figure 2, where it is possible to rotate the sample 
azimuthally around the photon axis. When n-alkane chains are oriented normal to the 
sample surface, azimuthal rotation will not change the angle between the electric field 
vector and the alkane backbone axis (Figure 2a). However, if the alkane chains are 
induced to lie parallel to the sample surface (e.g. lateral orientation), azimuthal rotation 
can change the angle between the electric field vector and the alkane backbone axis, 
from 90° to 0°, as shown in Figure 2b. Consequently the angle dependence of the 
Carbon 1s → σ*C-C transition can be fully explored. We require a sample with the n-
alkane chains laterally oriented in the plane of the sample surface.  
This geometry requirement creates challenges for sample preparation. The 
simplest methods – solvent deposition of n-alkanes or the self-assembly of alkyl thiols 
– result in films where the chains are oriented approximately normal to the sample 
surface, usually with some disorder. We have selected epitaxial growth27-29 on 
crystalline surfaces to prepare samples where the n-alkane molecules are oriented in the 
sample plane, using methods developed for electron crystallography.30,31 Our results 
show that the alkane molecules prepared in this manner are laterally oriented. By 
controlling the deposition conditions, we can prepare films with smaller or larger 
oriented domains.32  
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Scanning Transmission X-ray Microscopy (STXM) is used to acquire angle 
resolved Carbon 1s NEXAFS spectra of a well-ordered, laterally oriented hexacontane 
(HC) thin film at a range of azimuthal angles. In the STXM microscope, it is possible 
to rotate the sample azimuthally around the photon axis, change the x-ray polarization 
vector inclination (with an elliptically polarized undulator source), select specific 
sample areas, evaluate the presence of domains with different molecular orientation, 
and monitor the radiation dose. We have determined the absolute angle dependence of 
the transitions in this spectrum, and with this data considered the validity of the 
molecular orbital and the building block models for the angle dependence of the 
Carbon 1s spectrum of n-alkanes. 
Figure 2 Schematic of alignment of linear alkane molecules relative to the substrate 
and the x-ray electric field vector. (a) alkane molecule oriented normal to the substrate 
surface; electric field vector parallel to the substrate surface; (b) alkane molecules 
laterally oriented; electric field vector parallel to the substrate surface. 
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2. Experimental Section 
2.1 Materials and sample preparation 
The linear alkane used in this study was hexacontane (n-C60H122, HC) (Sigma 
Aldrich, 98% purity), used without further purification. The single crystal NaCl 
substrates used were surplus FTIR windows. Clean surfaces were prepared by cleaving 
the NaCl single crystal to expose a fresh (001) crystal plane. The substrates were 
placed in a high vacuum chamber (Datacomp Scientific), and the evaporation was 
performed in a vacuum of 10-7 torr from a resistively heated tungsten boat. The average 
thickness of the deposited films was measured with a quartz crystal microbalance. In 
order to have adequate absorption at the Carbon 1s core edge, the sample thickness was 
maintained in the 100 - 150 nm range. A quartz light bulb heater and a thermocouple 
were used to control the temperature of the NaCl substrate during the HC deposition. 
After deposition, the NaCl substrate was dissolved in water (obtained from a Millipore 
water purification system, 18 MΩ) to separate the HC thin films from the substrate. 
The floating HC films were picked up on Si3N4 windows [Silson Ltd.] for x-ray 
microscopy experiments.  
2.2. NEXAFS Spectroscopy 
NEXAFS images and spectra were recorded at the Advanced Light Source (ALS) 
in Berkeley on two Scanning Transmission X-ray Microscopes (STXM): the Polymer-
STXM at beamline 5.3.233 and the molecular environmental sciences MES-STXM at 
beamline 11.0.2.34 The Polymer STXM is on a bending magnet source, where we 
expect a photon polarization of 80 – 90% ellipticity, oriented in the horizontal plane. 
The MES-STXM is mounted on an elliptically polarized undulator (EPU) source, 
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where the linear polarization can be inclined from horizontal to vertical (e.g. 0 – 90°).35 
The degree of linear polarization on this EPU has been measured to be 100% (+0/-1%) 
linearly polarized at several different inclinations.36 The resolving power of the 
monochromator was 1900 for the 5.3.2 STXM beamline and 2500 for the 11.0.2 MES-
STXM beamline.  
All spectra were acquired in transmission mode and are reported as optical density 
versus energy (eV). The optical density (OD), derived from the Beer-Lambert law, is 
obtained from t
I
IOD ⋅⋅=−= ρµ)ln(
0
, where for a given X-ray energy, I0 is the 
incident flux (measured through a hole in the thin film), I is the transmitted flux 
through the sample, t is the sample thickness, µ is the mass absorption coefficient, and 
ρ is the density. Since this sample is sensitive to radiation, special precautions were 
taken when obtaining fine scale images and spectra. To avoid the accumulation of 
radiation damage, each spectrum was acquired from a unique sample area.  
3. Results and discussion 
3.1. Carbon 1s NEXAFS Spectroscopy of Hexacontane 
Figure 3 presents Carbon 1s NEXAFS spectra of a well-oriented HC thin film 
recorded at two different angles of the x-ray electric field vector with respect to the 
chain axis, along with the Cartesian coordinate system used for this molecule. The 
molecule HC belongs to the point group C2h and we use the following coordinate 
system to describe its orientation: All carbon atoms lie in the yz plane, the overall 
macromolecular axis is along the z-axis and the CH2 groups lie in the xy plane. 
In Figure 3, the absence of a 285 eV feature demonstrates the low level of 
radiation damage in this typical exposure time. The band at ~288 eV (below the 
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ionization potential) is traditionally assigned as the Carbon 1s → σ*C-H band.7,23,37 This 
band has the strongest intensity when the electric field vector is perpendicular to the 
alkane chain, e.g. oriented in the CH2 or xy plane (line with data points in Figure 3). In 
early electron energy loss spectra of gas phase alkanes, this pre-edge band was 
assigned as 3s and 3p / pi*(CH2) transitions.38 The similarity of the Carbon 1s spectra of 
gaseous and condensed cyclic alkanes led Hitchcock et al. to conclude that σ*C-H 
character was dominant in this mixed Rydberg / valence character state.39 When 
Carbon 1s spectra of alkanes were recorded with much higher energy resolution, 
features were unambiguously assigned as Rydberg transitions,35,40,41 although 
discussion of the degree of valence character is ongoing.42,43 Curiously, Bagus et al.25,44 
concluded that pre-edge resonances in the Carbon 1s spectra of condensed alkanes 
were predominantly Rydberg character even though it is generally expected that 
Rydberg states will be quenched in the solid state. Recent DFT calculations of Weiss et 
al for n-octane show mixed valence – Rydberg character.43  
 
Figure 3 Carbon 1s NEXAFS spectra extracted from orthogonally oriented domains of 
HC, deposited on a freshly cleaved NaCl (001) surface at a room temperature substrate 
during evaporation. The spectrum (solid line) is extracted from domains that 
correspond to the angle θ=0°, i.e. with the E vector oriented along the macromolecular 
backbone. The spectrum (line + data point) is extracted from domains that correspond 
to the angle θ = 90°, i.e. with the E vector oriented perpendicular to the 
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macromolecular backbone. The molecular schematic illustrates the Cartesian 
coordinate conventions used in this paper. 
 
The resonances observed above the ionization threshold are often described within 
two variations of the shape resonance model. A chemical orbital model relates the 
character of the continuum resonances to the character of the unoccupied molecular 
orbitals,45,46 in which these resonances are described as “core  σ* resonances” 
embedded in the continuum. This approach has the advantage of providing a direct 
relationship between the molecular structure and its spectrum through the familiar and 
predictive language of molecular orbital theory. Alternatively, continuum resonances 
are described by the trapping of the outgoing photoelectron by a potential barrier of the 
molecule;47 this model is computationally studied with multiple scattering 
calculations.48  
These shape resonances are frequently used in a building block approach, where 
the spectrum of a complex molecule is treated as the assembly of diatomic or 
psuedodiatomic fragments.6 This building block model is the basis of the controversial 
bond length correlation method,6,49 as well as the BB approach for linear dichroism 
described above.6 Recently, Piancastelli provided a critical review of these shape 
resonance interpretations.22 Multiple excitation, shake-up continuum and shake-off 
continuum features are also considered as the origin of continuum features. 
In the Carbon 1s NEXAFS spectrum of alkanes, there are two dominant features 
above the ionization potential that show angular dependence: a strong band at ~293 eV, 
and a weaker band at 301.1 eV. For convenience, we will use the traditional 
assignments of these transitions, e.g. as Carbon 1s  σ*C-C and Carbon 1s  σ*C-C’, 
respectively.7  
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3.2 Preparation of Laterally Oriented HC Thin Films 
As outlined above, we require well-ordered n-alkane single crystals where the 
chains are oriented laterally in the sample plane and where the crystalline domains are 
large enough to permit the acquisition of several sequential spectra from the same 
domain. Radiation damage is a concern, and our sample area must be large enough to 
distribute the radiation dose from several sequential scans over a large enough sample 
volume to minimize the appearance of radiation damage. To estimate the sample area 
required, we performed a study of the radiation damage kinetics for HC following 
established procedures.50,51 This procedure provides the critical dose – the radiation 
dose for the 1/e attenuation of the intensity of a particular transition or the 
corresponding increase in the intensity of a transition due to radiation damage. For HC, 
we found that the critical dose was 12 eV/nm3 for the attenuation of the Carbon 1s → 
σ*C-H transition and 32 eV/nm3 for the increase in the Carbon 1s → pi*C=C transition, 
the latter corresponds to the formation of C=C double bonds by radiation damage.52 
With a guideline of keeping the total radiation damage below the critical dose for the 
Carbon 1s → σ*C-H transition, we estimated that we would require an area of at least 
~170 µm2 in order to acquire 10 spectra at different sample angles with dwell times and 
scan lengths typical for adequate statistics.  
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Figure 4 Expected epitaxial relationship between HC molecules and the NaCl (001) 
surface. The HC molecules (only 14 carbon atoms shown) are preferentially aligned 
along the two crystallographically equivalent <110> and < 101 >directions on (001) 
surface. 
 
The expected epitaxial relationship between the NaCl (001) substrate and the HC 
molecules is shown in Figure 4. The high symmetry (cubic structure) and the ionic 
field force of NaCl induce the HC molecules to align on the NaCl (001) face along the 
crystallographically equivalent <110> and < 101 > directions.31,53-55  
Oriented domains in samples prepared at room temperature are too small for 
reliable angle resolved NEXAFS spectroscopy measurements,32 particularly within the 
radiation damage limits described above. However, we found that we can modify the 
size of these domains by controlling the substrate temperature during film 
deposition.30,31,56 Figure 5a presents an x-ray microscopy image recorded at 287.6 eV 
of an HC thin film evaporated onto freshly cleaved NaCl(001) where the substrate 
temperature was held at 45°C during deposition. The image contrast is more uniform, 
consisting of an open area, a matrix (dark grey), and smaller dispersed domains (light 
grey). In Figure 5b, the image contrast inverts when the sample is rotated by ~70o 
about the photon axis (NB this measurement was made using the bending magnet 
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Cl¯  Na+ C H 
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polymer STXM, where the x-ray electric field vector is horizontal). This sample 
consists of a majority phase aligned in one direction and a number of minority phases 
aligned at right angles to the majority phase. The morphological differences of this 
sample relative to the sample deposited at room temperature suggests that some 
additional energy is required to create larger crystals of HC by epitaxial growth.30 For 
the sample prepared at room temperature, there is less thermal energy to promote 
molecular diffusion and molecular movement on the substrate is limited. This leads to 
a higher effective density of nucleation sites and the formation of smaller crystallites.  
The sample deposited with a substrate temperature of 45°C has large enough domains 
for our intended angle resolved NEXAFS measurements. 
Figure 5 X-ray microscopy images of HC films epitaxial growth onto a freshly cleaved 
NaCl (001) surface by thermal evaporation with substrate temperature of 45°C during 
evaporation. These images were acquired with an x-ray energy of 287.6eV. For image 
(b), the sample has been rotated by 70°. 
 
3.3. Measurement of the Angular Dependence of NEXAFS Spectra 
Angle-resolved NEXAFS spectra were measured on the bending magnet polymer-
STXM (beamline 5.3.2) and elliptical polarized undulator (EPU) MES-STXM 
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microscopes (beamline 11.0.2) at the Advanced Light Source. Since the bending 
magnet source is horizontally polarized, the sample must be rotated azimuthally around 
the photon axis using a rotation cell to measure the linear dichroism. Since the 
orientation of a particular domain is not initially known, measurements were made at a 
series of angles and the intensity of the Carbon 1s → σ*C-H band was monitored as a 
function of angle. The angle at which the intensity of the Carbon 1s → σ*C-H band 
reaches a minimum or a maximum was defined as θ = 0° and θ = 90°, respectively. In 
the EPU measurements, the x-ray polarization can be changed from horizontal 
(EPU=0°) to vertical (EPU=90°) by shifting the EPU phase.57 Nevertheless, it was still 
necessary to rotate the sample manually for the EPU measurements, as the 0 – 90 
degree range of linear polarization inclination can not cover the full angle range if the 
molecular domains are not perfectly aligned in the horizontal or vertical directions. 
Here, we only report the EPU data as we found a systematic attenuation in the intensity 
of stronger transitions in the bending magnet spectra. There are two potential origins 
for these differences: photon ellipticity and higher harmonic photon contamination. 
The increased ellipticity of a bending magnet source will decrease the magnitude of the 
linear dichroism, e.g. decrease the intensity of the 293.5 eV Carbon 1s → σ*C-C 
transition and increase the intensity of the orthogonally oriented pre-edge Carbon 1s → 
σ*C-H transition, or vice versa. However, we found that the intensity of all strong 
features was attenuated in the bending magnet spectra, indicating that ellipticity alone 
is not responsible for the difference.   
Higher harmonic contamination is a particular concern for the bending magnet 
STXM which uses a spherical grating monochromator (SGM). The SGM 
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monochromator produces significant second and third order harmonics, while the plane 
grating monochromator of the MES-STXM beamline does not produce higher 
harmonics as efficiently. As higher harmonics will not be absorbed by the sample as 
efficiently as first order photons, both the I and Io signals will be artificially higher than 
for a pure radiation source, and the magnitude of the optical densities will be 
suppressed, as we observe.  
Several causes of higher order contamination are specific to the STXM 
microscopes used for these experiments. The order sorting aperture should filter out 
higher harmonic photons, but small misalignments will lead to the transmission of 
these higher harmonics. These higher harmonics can be transmitted directly through 
the central stop of the zone plate focusing element if this element is not thick enough to 
prevent transmission at the energies of the harmonics. 
Because the bending magnet spectra are systematically distorted, we will only use 
data acquired with the EPU source (MES-STXM) for the subsequent analysis. Proper 
consideration of these experimental factors is essential when acquiring NEXAFS 
spectra for linear dichroism studies.  
Figure 6 presents the Carbon 1s NEXAFS spectra of HC, recorded at 10 different 
angles, using the EPU source.  
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Figure 6 Carbon 1s NEXAFS spectra of an oriented HC thin film, prepared at a 
substrate temperature of 45°C during evaporation, presented as a function of angle. 
These data were recorded using the MES – STXM microscope, by inclining the 
direction of the linear polarization and rotating the sample.  
 
We have used the MGAUSS program58 to determine the angle dependence of 
features in our set of NEXAFS spectra. MGAUSS allows us to simultaneously fit the 
entire set of spectra to a common set of linked and independent parameters. In the 
angle resolved spectra, we expect the intensities of specific features to vary but their 
position and width to remain invariant. Therefore, we constrained the energy and the 
width of spectroscopic features so they vary identically for all of the spectra in the 
simultaneous fit, while allowing the intensity of each feature to vary independently. To 
achieve the best fit of the 10 spectra recorded with different angles θ, 8 Gaussian 
curves were used to correspond to the spectral features and an error step function6 was 
used to model the ionization edge of carbon. This error step function was fixed at 289.7 
eV, 1.0 eV lower than the ionization potential of propane in the gas phase.59 An 
orientation independent background was also used. The parameters for the positions 
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and shapes of the various NEXAFS resonances with angular dependent intensity are 
listed in Table 1. 
Table 1 Energy and full width at half maximum of transitions optimized from the 
MGAUSS fit of the Carbon 1s spectra of HC.  
Peak position 
(eV) 
287.63 288.23 288.51 289.1 291.5 293.5 296.0 301.1 
FWHM (eV) 0.51 0.68 0.54 2.28 1.31 3.56 5.97 7.90 
 
Figure 7 presents the angular dependence of Carbon 1s NEXAFS spectra of HC 
films obtained on the MES-STXM at 3 representative angles, θ = 0°, 50° and 90°.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Fits of the Carbon 1s NEXAFS spectra of HC films at three representative 
angles (θ=0°, 50°, and 90°), fitted by MGAUSS program. These data were obtained 
using the elliptically polarized undulator (ALS beamline 11.0.2), for an HC sample 
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deposited onto the NaCl(001) surface at a substrate temperature of 45°C during 
evaporation. The dotted line represents the experimental measured spectra; the thick 
solid line represents the best fitted spectra; thin solid line, Gaussian peaks; dashed line, 
error step function; and dash-dot line, background. 
 
Figure 8 presents the optical density of each resonance as a function of angle (θ) 
and cos2θ. The cos2θ plot provides a diagnostic of experimental quality, as 
experimental linear dichroism data should have a cos2θ dependence (see equation 1). 
The cos2θ plots in Figure 8 are linear with the exception of the trace for the 293.5 eV 
feature. The linearity of all but one trace demonstrates that the experiment is free from 
major artifacts, and several reasons can be provided for the deviation of the one trace 
from linearity. This transition is the most intense continuum resonance, so it will be 
most sensitive to deficiencies in the functions used for the fit. We note that the 
continuum resonances are not the symmetric Gaussians as used in the fit, but rather are 
asymmetrically broadened by vibration.6 Nevertheless, we fit these features with 
symmetric Gaussian functions as the addition of more functions to model this 
asymmetry would lead to overlap with other resonances, and prevent us from tracking 
a specific resonance as a function of angle. This error will be highest when the 293.5 
eV feature is most intense. However, this approach is a necessary compromise for the 
analysis of our data. When the 293.5 eV feature is at its minimum intensity, we find 
that radiation induced molecular reorientation prevents us from observing zero 
intensity for this transition. This effect will be discussed below. 
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Figure 8 The optical density of resonances in the Carbon 1s NEXAFS spectrum of HC 
as a function of angle θ and cos2θ.  
  
Four resonances were observed below the ionization potential in the spectral fit: at 
287.63 eV, 288.23 eV, 288.51 eV and 289.1 eV (see Table 1). The resonances at 
287.63 eV and 288.23 eV show a strong angle dependence with a maximum intensity 
when the electric field vector is oriented normal to the HC chain. The third resonance, 
at 288.51 eV, has an opposite angle dependence and a maximum intensity when the 
electric field vector is oriented along the macromolecular axis. The fourth Gaussian in 
the fit, at 289.1 eV, is unexpectedly broad and straddles the ionization potential. The 
inclusion of this Gaussian function is required for a good fit of the data, but given its 
character and the fact that we cannot observe this feature in the raw spectra, we do not 
assign it direct physical significance.  
The first two transitions are considered to be Carbon 1s → σ*C-H transitions, as the 
TDM is oriented in the plane of the CH2 group (e.g. xy plane, orthogonal to the 
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macromolecular backbone). The energy separation between these two resonances is 
602 meV, in close agreement with the theoretical calculation value of 650 meV for n-
octane.43  
The intensity of the first two transitions goes nearly to zero when the electric field 
vector is aligned along the macromolecular backbone (θ = 0°). This contrasts with the 
results of Hähner et al,7 in which the intensity of the C-H band decreases to 
approximately 30% of the maximum feature intensity. However, the data of Hähner et 
al does not have adequate energy resolution to resolve this third transition. The 
inclusion of the third transition in the fit, with its orthogonal angle dependence, will 
result in the incorrect angular dependence observed by Hähner et al. Ironically, their C-
H angle dependence looks like the hypothesized “building block” angle dependence 
(Figure 1), although this interpretation is not plausible for the planar CH2 geometry. 
This observation demonstrates that adequate spectral resolution is required to properly 
characterize the angle dependence in these spectra. Conclusions regarding the 
electronic structure and molecular orientation based on insufficiently resolved spectra 
should be viewed with caution.  
What is the spectroscopic character of the third pre-edge transition? We are 
reluctant to characterize this transition as a Carbon 1s → σ*C-H transition, as its TDM 
is oriented along the z axis, orthogonal to the CH2 plane. We have considered that this 
transition might originate from the terminal CH3 groups on the HC chain, as we expect 
a “C-H” component from the terminal CH3 groups oriented along the macromolecular 
backbone direction. However, a stoichiometric calculation shows that this hypothesis is 
improbable. In HC, there are 6 C-H bonds in the terminal CH3 groups versus 116 C-H 
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bonds in methylene groups, i.e. 5% of the C-H spectroscopic intensity will originate 
from the CH3 group. Therefore the third peak is greater than would arise from 
stoichiometric considerations of the CH3 group. Since this transition lacks the 
symmetry of a C-H resonance, a simple orbital picture of energy separated C-H and C-
C σ* bands do not hold. This C-H band has components in all three Cartesian. 
We may be able to rationalize the character of this third transition by considering 
the role of Rydberg – valence mixing in the Carbon 1s NEXAFS spectrum of HC. The 
Carbon 1s → 3s transition, and the Carbon 1s → 3p Rydberg transition components 
directed in the xy plane can mix with states of σ*C-H character.42 Further, we expect 
that states of Rydberg character will be quenched in the solid state, so the transitions 
directed in the xy plane will be predominantly valence σ*C-H character in condensed 
alkanes. In contrast, the 3p Rydberg component directed along the z axis can not mix 
with states of σ*C-H character and will remain as “pure Rydberg”, with some quenching 
in the molecule, likely blue shifted relative to the unquenched atomic Rydberg. We 
believe that the origin of this third peak is an incompletely quenched 3pz Rydberg 
transition, which can by symmetry not support mixing with states of σ*C-H character. 
Such mixed and unmixed Rydberg states are observed in the gas phase NEXAFS 
spectra of simple alkanes.42 
Above the ionization potential, four resonances are resolved in the fit: at 291.5 eV, 
293.5 eV, 296.0 eV, and 301.1 eV (see Table 1, Figure 8b). Each transition can be 
directly observed in at least a subset of the experimental data. The strong 293.5 eV and 
301.1 eV transitions are assigned as Carbon 1s → σ*C-C and Carbon 1s → σ*C-C’ 
transitions, respectively, by Stöhr et al.60, Hähner et al.7 and Weiss et al.43  
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Our angle dependence data show that the intensity of the resonances at 293.5 eV 
and 301.1 eV is strongest when the electric field vector is aligned along the 
macromolecular or z axis. This is consistent with σ*C-C character. In contrast, the 
resonances at 291.5 eV and 296.0 eV exhibit an opposite angular dependence, with 
maximum transition intensity occurring when the electric field vector is normal to the 
macromolecular axis. These transitions lack the symmetry expected for a Carbon 1s → 
σ*C-C transition, in either the BB or MO model, and like the third (288.51 eV) 
transition in the C-H band, do not fit into a simplistic σ*C-C orbital picture. The origin 
of these transitions is unclear. 
Interestingly, it appears that features with a TDM along all three Cartesian 
components (xy plane, z axis) are observed in the σ*C-C band just as in the σ*C-H band. 
The observation of multiple, overlapping peaks in the σ*C-C band with an orthogonal 
orientation dependence raises a caution about the use of these spectra for orientation 
analysis.  
The Carbon 1s → σ*C-C transition at 293.5 eV exhibits the largest change with 
angle. This observation begs the question: does the angle dependence of this resonance 
follow the BB or the MO picture? We find that the ratio of the maximum to minimum 
optical density for this resonance is 13, approximately 6.5 times larger than the ratio 
based on the BB model. This result unambiguously excludes the BB model as a valid 
interpretation for this transition. On first glance, the MO model does not appear to be 
valid either as this would require the intensity of the transition to go to zero at θ = 90o. 
We will present several reasons why the transition might not go to zero: photon 
ellipticity, sample disorder and radiation damage. Photon ellipticity can be excluded as 
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the degree of linear polarization on the EPU beamline is 100% (+0/-1%). A small 
degree of disorder might be present in the as-deposited HC samples. Radiation may 
also cause a decrease in the degree of molecular alignment. Figure 9 presents the 
NEXAFS spectra of the oriented HC sample (from Figure 7, θ =0°) obtained after a 
small radiation dose (0.43 eV/nm3) and a larger radiation dose (2.0 eV/nm3). 
Comparison of these spectra shows that the optical density of the first resonance of 
Carbon 1s → σ*C-H (287.63 eV) increased with radiation dose while the optical density 
of Carbon 1s → σ*C-C (293.5 eV) transition decreased. These linear dichroism changes 
indicate that the HC chains no longer have the same degree of alignment after the 
higher radiation dose. These exposures are well below the critical doses required for 
chemical changes in HC, which leads to the loss of C-H bond (12 eV/nm3) and 
formation of C=C bonds (32 eV/nm3, see §3.2). Indeed, the loss of C-H bond would 
attenuate the 288 eV region but have no effect on the Carbon 1s → σ*C-C transitions. 
However, since we see a clear linear dichroism effect – an increase in the Carbon 1s → 
σ*C-H transition and a decrease in the Carbon 1s → σ*C-C, these changes can be 
directly attributed to molecular reorientation.  
 
 
 
 
 
 
 
Figure 9 Molecular reorientation in HC induced by radiation dose.  
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The origin of this reorientation is a matter of speculation. One might consider that 
a temperature rise from the radiation exposure might induce molecular reorientation, 
although these radiation doses (2.0 eV/nm3) are very low. A more likely scenario is 
that the radiation exposure causes fragmentation of the HC chains, where the fragments 
can reorient at ambient temperatures. Only one C-C bond needs to be broken to change 
HC (n-C60H122) into two C30 fragments (or any other logical combination of fragment 
lengths). As the melting point of a C30 chain (65~67 °C) is ca. 30 °C below that of HC, 
chain fragmentation from radiation damage will lead to a distribution of shorter 
molecular chains which can then undergo melting or reorientation at lower 
temperatures. The chemical effect of breaking one bond in a relatively long chain 
might not be visible spectroscopically, while the physical changes from the reduced 
melting point certainly can be. This observation is very unusual, as most radiation 
damage in NEXAFS spectroscopy is observed as chemical changes.50,51 These changes 
are analogous to the loss in crystallinity observed with radiation exposure in electron 
crystallography measurements.  
4. Conclusions 
Linear dichroism in the Carbon 1s NEXAFS spectra of n-hexacontane has been 
systematically explored. HC crystals with lateral orientation were prepared by epitaxial 
growth on a cleaved NaCl (001) surface.  
This study shows that failure to properly resolve spectroscopic features with a 
differing angle dependence will lead to an erroneous measurement of the angle 
dependence of the NEXAFS spectra, and from this, an incorrect description of the 
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spectroscopic transition dipole moment. These errors are likely to lead to an inaccurate 
measurement of molecular orientation based on the angle resolved NEXAFS spectra.  
The analysis of angle resolved NEXAFS spectra indicate that the transition dipole 
moment (TDM) for the Carbon 1s → σ*C-C transition at 293.5 eV in linear alkanes is 
oriented along the macromolecular backbone, most closely corresponding to the 
molecular orbital model and explicitly excluding the building block model. However, 
transitions are observed in both the σ*C-C and the σ*C-H band that are oriented 
orthogonal to the primary transitions. These transitions do not fit into the conventional 
σ*C-H and σ*C-C band descriptions. 
We observe that radiation damage can be manifest as a change in molecular 
orientation at a dose significantly below that for the observation of conventional x-ray 
radiation damage in the form of chemical bond breakage and formation.  
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3.4 Theoretical calculations 
This section documents the calculation results of the linear dichroism for the 
NEXAFS resonances of n-alkane molecules. This work is in preparation and presented 
here as a manuscript. 
The author of this thesis designed the cluster models, did the calculations on the 
isolated alkane molecule and alkane clusters, and prepared the manuscript in close 
collaboration with Dr. Urquhart.  
 The author of this thesis obtained Dr. Urquhart’s agreement to present the work in 
this thesis. 
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1. Introduction 
 
Alkanes are simple organic materials. They are the major components of 
Langmuir-Blodgett (LB) films and self-assembled monolayers (SAM). The molecular 
orientation of the alkane chain is important for the measurement of the tilt angle of 
such films with respect to the substrate. Therefore, the accurate measurement of the 
alkane orientation is essential. Near edge X-ray absorption fine structure (NEXAFS) 
spectroscopy has been employed quite often to determine this alkane orientation from 
the linear dichroism of the absorption spectra near the C 1s absorption edge.1-3 
In the NEXAFS spectra of n-alkanes, two types of resonances are identified with 
the C 1s ionization potential (IP) as a threshold. For the NEXAFS resonances below 
the C 1s IP, the character of these resonances is controversial. Traditionally, Rydberg 
character has been considered to be “quenched” upon condensation4 and the features 
below C 1s IP are assigned as C 1s → σ*C-H valence transitions.1,4,5 However, Bagus et 
al.6 have assigned these features as C 1s → Rydberg transitions, based on high quality 
ab initio calculations of an isolated propane molecule. However, their computational 
model is problematic as an isolated propane molecule lacks any of the critical 
intermolecular interactions that should lead to modification of Rydberg states in the 
condensed phase. Matrix effects have been considered in the calculation of the 
NEXAFS spectra of propane on a small cluster (a trimer and a septamer).7 However, 
these clusters have a small radius and are therefore very likely to lead to anomalous 
Rydberg states. Figure 1 compares the C 1s NEXAFS spectrum of gaseous and 
condensed phase neopentane.8 It is evident that there are large differences between 
gaseous and condensed phase spectra, due to the quenching of Rydberg states. 
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Therefore, in order to accurately determine the electronic behavior in condensed 
molecules, the intermolecular interaction, even weak, has to be considered. The 
explanation based on calculations of isolated molecules is insufficient.9 
 
 
 
 
 
 
 
 
 
 
Figure 1 C1s NEXAFS spectra of neopentane in gas phase and condensed phase8 
 
The NEXAFS resonances observed above the C 1s IP for n-alkanes are often 
described within two variations of the shape resonance model. A chemical orbital 
model relates the character of the continuum resonances to the character of the 
unoccupied molecular orbitals,10 in which these resonances are described as C 1s → 
σ*C-C resonances embedded in the continuum. This approach has the advantage of 
providing a direct relationship between the molecular structure and its spectrum 
through the familiar and predictive language of molecular orbital theory. Alternatively, 
continuum resonances are described by the trapping of the outgoing photoelectron by a 
potential barrier of the molecule.11 In addition, multiple excitation, shake-up 
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continuum, and shake-off continuum features are also considered as the origin of 
continuum features.12  
The linear dichroism for the first C 1s → σ*C-C resonance is often used to derive 
the alkane molecular orientation from the polarization dependent NEXAFS spectra. 
However, the transition dipole moment (TDM) of this transition is under debate. In the 
building block (BB) model, the TDM of this transition is considered to be along the 
individual C-C bond.1,13 While the molecular orbital (MO) model2,3 considers the TDM 
is along the macromolecular axis. Both models are extensively used in the literatures to 
derive the molecular orientation of LB and SAMs. We have measured the absolute 
angle dependent NEXAFS spectra of hexacontane (n-C60H122) thin films,14 in which we 
showed that the building block model used by many groups provides an inaccurate 
measurement of the orientation on alkyl molecules  
The objective of this paper is dual: for the NEXAFS resonances above the C 1s IP, 
we wish to gain insight of the TDM for these resonances from theoretical calculations. 
For the NEXAFS resonances below the C1s IP, we wish to gain insight about the 
Rydberg-valence mixing in these features for condensed n-alkanes, and therefore to 
determine the TDM of each feature below the C 1s IP. To do so we employed the self-
consistent field Hartree-Fock (SCF-HF) method to calculate the NEXAFS spectra of an 
isolated nonane molecule, nonane cluster, and propane cluster.  
2. Calculation  
ab initio calculations have been performed using Kosugi's GSCF3 package15 on 
isolated n-alkane molecules and clusters designed to model a solid. These calculations 
are based on the Improved Virtual Orbital approximation (IVO), which explicitly takes 
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into account the core hole in the Hartree-Fock approximation and are highly optimized 
for inner-shell excitation and ionization calculations.16 In this approach, the 1s electron 
is removed directly from a molecular orbital, corresponding to a specific 1s orbital, as 
specified by the user. The improved virtual orbital provides a good approximation to 
the term value of the core excitation features at a specified core site.15  
To obtain the character of the NEXAFS features above the IP, the GSCF3 
calculations were carried out on a single nonane molecule using minimal basis set, 
which is described in §2.3. The nonane (n-C9H20) molecule is long enough so that the 
effect of the end CH3 groups on the electronic structure of the central CH2 group can be 
ignored, therefore, the calculation on the central CH2 group can be used as a model for 
the carbon atoms in longer n-alkane chain. For the NEXAFS features below the C 1s 
IP, the GSCF3 calculations were carried out on a single nonane molecule, nonane 
cluster, and propane cluster using moderate basis set (§2.3). These calculations were 
performed at two levels of theory – IVO that has been described above and ‘shielding 
refined IVO’ that will be described in §2.4, using the Gaussian-type basis set of 
Huzinaga et al.17 The molecular geometry and the design of the cluster used in these 
calculations are discussed in §2.1 and §2.2, respectively.  
2.1 Molecular Geometry 
The molecular geometries used in GSCF3 calculations were determined with the 
commercial package Spartan ’0418 ab initio calculations at the 6-31G* level. The 
coordinate system is chosen such that the C-C-C chain is in the x-z plane with the 
global molecular axis parallel to the x axis. The y axis was then perpendicular to the 
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plane of C-C-C chains. The CH2 groups are in the y-z plane. Figure 2 shows the 
geometry of the nonane molecule in the gas phase calculation. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Molecular geometry of nonane used in GSCF3 calculation. The 
macromolecular axis is along x-axis with the C-C-C plane in the x-z plane. The H-C-H 
plane is perpendicular to the x-axis. 
 
2.2 The design of the n-alkane clusters 
It is known that, in the solid-state, the n-alkanes (CnH2n+2) in general adopt three 
structurally distinct groups: triclinic (12 < n (even) < 26), orthorhombic (n (even) ≥ 36 
and n (odd)), and monoclinic (28 < n (even) ≤ 36).19,20  An orthorhombic structure was 
used in constructing the alkane solid model, with the unit cell parameters21 a = 7.48 Å, 
b = 4.97 Å, and θ = 48°, as indicated in Figure 3. 
 
 
 
 
 
 
 
Figure 3 Top view of alkane cluster. This cluster is composed of seven molecules. The 
central Carbon atom of the central chain is calculated. This spatial arrangement is the 
same as in the n-alkane crystal. 
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The cluster radius must be greater than the radial extent of the optical orbitals, 
otherwise artificial states will be supported in the vacuum outside the cluster.8 The 
number of molecules in each cluster (i.e. the size of the cluster) was chosen such that 
the radius of the first few excited states is within the cluster size, and that the cluster 
calculations are within the computer capability. The top view of the spatial 
arrangement (projection on the a-b plane in the unit cell) of alkane molecules in a 
cluster is shown in Figure 3.   
The propane cluster is composed of seventeen propane molecules, with seven of 
them in the middle layer and five in the top and the bottom layers. The nonane cluster 
is composed of five nonane molecules and two pentane molecules. The side view of 
these two clusters is presented in Figure 4 left and right, respectively. These clusters 
should represent the intermolecular interaction (van der Waals forces) influencing the 
central carbon of the cluster (i.e. the central carbon of the central chain). 
Figure 4 Side view of propane cluster (left), side view of nonane cluster (right). The 
dark balls represent carbon atoms and the white balls represent hydrogen atoms. The 
colored carbon is the calculated carbon in the GSCF3 calculations. 
 
c 
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2.3 Selection of basis sets 
In order to describe “valence” unoccupied molecular orbitals, a minimal basis set 
is used. To describe the excitation to the unoccupied orbitals (valence or Rydberg 
character) below the C 1s IP for n-alkanes, a basis set with more polarization function 
(“moderate” basis set) is used. This moderate basis set should be able to (a) accurately 
represent the possibility of excitation into diffuse Rydberg or Rydberg-like orbitals and 
(b) have no artificial Rydberg states that are generated from diffuse functions that 
extend beyond the model cluster; the latter is a balance between cluster diameter and 
basis set selection.  
Minimal basis set calculations 
A minimal basis set calculation is intended to isolate “valence” spectral features 
(e.g. of σ* character) as this minimal basis set lacks the flexibility to support Rydberg 
transitions. In expanded basis set calculations, the calculation contains many transitions 
above the IP that can be considered as the artifacts of the extensive basis set. A 
minimal basis set is composed of a minimum number of basis functions required to 
represent all of the electrons on each atom, for example, only five functions, 1s, 2s, 
2px, 2py, and 2pz, are needed to describe the electrons in a Carbon atom. Therefore, the 
number of occupied and unoccupied molecular orbitals is the same as the number of 
atomic orbitals. The character of each molecular orbital can be deduced from the 
atomic orbitals that contribute to this molecular orbital. A minimal basis set IVO 
calculation for the single nonane molecule is shown in Table 1. A contracted basis set 
of (73 6) for central carbon, (43 4) for other carbons, (6) for hydrogen atoms was used. 
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Moderate basis sets calculations 
A minimal basis set IVO calculation only produces ‘valence’ spectral features as 
seen above. In order to represent the possibility of transitions to Rydberg-like orbitals 
below the IP, split basis functions, polarization functions, and diffuse functions are 
used. These split basis functions allow for the description of the aspherical atomic 
environments in molecules. The polarization functions allow the displacement of the 
orbital center from the nucleus position since the molecular orbitals are not totally 
symmetric. The diffuse functions are needed in order to describe the electron 
distribution at large distance from the atomic positions.  
In our calculations, we used a moderate basis set, compared to the extensive basis 
set22 used by Urquhart et al. for the isolated methane, ethane, propane, isobutene, and 
neopentane molecule. For the single nonane molecule (Table 2), the moderate basis set 
was (411121 3111) for central carbon, (621 41) for other carbons, (41) for hydrogen 
atoms. This basis set was expanded from the primitive basis set (73 6), (63 5), and (5), 
respectively. For the nonane cluster (Table 4) and propane cluster (Table 5) the same 
basis set as for the single nonane molecule was used for the central chain in the cluster. 
For other chains, an unexpanded basis set (43 4) for carbons atom and (4) for hydrogen 
atom was used. In order to account for the presence of a Rydberg state, polarization 
functions were applied to the core excited carbon atom.  These polarization functions 
were ζd = 1.335 and 0.288, diffuse functions were ζp = 0.044, and ζs = 0.075 and 
0.0253. This moderate basis set is capable of supporting Rydberg transitions, as 
justified below. This is slightly reduced relative to the “truncate” basis set used by 
Urquhart et al. for a propane molecule embedded in Ne atoms.22 
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2.4 ‘Shielding refined IVO’ calculations 
A core excited N-electron molecule can be considered as consisting of an ‘active 
part’ (the core hole and the excited optical electron) and a ‘passive part’ (the other N-1 
electrons). In the IVO calculations, the excited (optical) orbitals are optimized in the 
potential of the passive cation. As the core → Rydberg transitions converge to a core-
ionization threshold corresponding to the core-ionized (N-1) electron cation, this 
passive (N-1) electron part provides a good description of the electronic environment 
of these transitions. For core → valence transitions, the shielding effect of the excited 
electron on its valence optical orbital is not taken into account in the calculation of the 
passive (N-1) electron. As a result, the nucleus is overshielded and the calculated 
energy of valence transitions is shifted to higher energy. Therefore, in these IVO 
calculations, the energies of Rydberg states are generally more accurately calculated 
than valence state energies. The energy of Rydberg and valence excited states thus has 
a different systematic error, so predictions of the mixing between these states will be 
anomalous. This shielding effect can be corrected by recalculating the passive (N-1) 
part with the core hole vacancy and the optical orbital occupancy. The more accurately 
shielded passive (N-1) electron part is used in subsequent IVO calculations. This is 
also called ‘shielding refined IVO’ calculation.23  
The ‘shielding refined IVO’ calculations were carried out on single nonane 
molecule (Table 3), nonane cluster (Table 4) and propane cluster (Table 5) with 
moderate basis sets. 
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3. Results 
3.1 LD in NEXAFS valence features 
Table 1 presents the calculated energies, term values, oscillator strengths, orbital 
size and the oscillator strength along the three Cartesian coordinates based on IVO ab 
inito calculations for a CH2 group of an isolated nonane molecule with a minimal basis 
set. There are 28 unoccupied molecular orbitals. Only the orbitals with non-zero 
oscillator strength are listed in Table 1.  
The IP calculated for the central CH2 group of a single nonane molecule is 298.412 
eV, far above the experimental C 1s IP of propane (290.7 eV as determined by X-ray 
photoelectron spectroscopy24), owing to the inflexibility of this basis set in reproducing 
relaxation following core excitation. As all core excited states have a small size (<2.0 
Å), the absence of Rydberg character in a minimal basis set calculation is apparent. By 
examining molecular orbital plot and the atomic contribution for each excited state, 
those excited states composed of only carbon py orbitals and hydrogen 1s orbitals are 
of pure σ*C-H character. While those excited states composed of carbon 2s and 2px 
atomic orbitals are of σ*C-C character. 
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Table 1: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, and 
Oscillator strength along the x-, y-, and z- Cartesian coordinates based on IVO ab initio 
calculations for a CH2 group of an isolated nonane molecule calculated with a minimal 
basis setsa 
Ionization potential 298.41 eV 
Energy 
(eV) TV
b
 
Oscillato
r strength 
Size 
(Å) 
Orbital 
character OS(x) OS(y) OS(z) 
300.52 -2.11 0.0244 1.900 σ*C-H  0.0000 0.0000 0.0244 
300.80 -2.39 0.0266 1.675 σ*C-H 0.0000 0.0266 0.0000 
301.45 -3.04 0.0222 1.706 σ*C-C 0.0222 0.0000 0.0000 
304.73 -6.32 0.0019 2.732 σ*C-H 0.0000 0.0000 0.0019 
304.92 -6.51 0.0057 2.857 σ*C-H 0.0000 0.0057 0.0000 
305.25 -6.84 0.0006 3.543 σ*C-C 0.0006 0.0000 0.0000 
305.41 -7.00 0.0007 2.839 σ*C-H 0.0000 0.0000 0.0007 
306.71 -8.30 0.0027 3.598 σ*C-C 0.0027 0.0000 0.0000 
306.91 -8.50 0.0021 3.783 σ*C-H 0.0000 0.0021 0.0000 
306.97 -8.56 0.0032 3.561 σ*C-H 0.0000 0.0000 0.0032 
307.44 -9.03 0.0001 4.348 σ*C-H 0.0000 0.0000 0.0001 
307.86 -9.45 0.0002 3.867 σ*C-C 0.0002 0.0000 0.0000 
307.92 -9.61 0.0004 4.271 σ*C-H 0.0000 0.0000 0.0004 
308.37 -9.96 0.0007 3.838 σ*C-C 0.0007 0.0000 0.0000 
308.81 -10.4 0.0008 3.927 σ*C-H 0.0000 0.0008 0.0000 
309.01 -10.6 0.0010 4.758 σ*C-C 0.0010 0.0000 0.0000 
309.11 -10.7 0.0004 4.521 σ*C-H 0.0000 0.0004 0.0000 
309.71 -11.3 0.0004 4.352 σ*C-H 0.0000 0.0000 0.0004 
309.81 -11.4 0.0003 4.159 σ*C-C 0.0003 0.0000 0.0000 
310.61 -12.2 0.0004 4.781 σ*C-H 0.0000 0.0000 0.0004 
310.91 -12.5 0.0001 4.352 σ*C-H 0.0000 0.0001 0.0000 
 
a. The minimal basis sets used in this calculation were: (73 6) for central carbon,  
    (43 4) for other carbons, (6) for hydrogen atoms  
b. Term Value (TV)  = Ionization Potential – Energy 
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For the excitation to the σ*C-H valence orbitals, the calculated transition intensity – 
oscillator strength shows a strict orthogonality, either along the y-axis or along the z-
axis, no contribution from the x-axis, indicating that the TDM of these σ*C-H valence 
transition is along the y- or z-axis, perpendicular to the macromolecular backbone.  
For the excitation to σ*C-C valence orbitals, the oscillator strength only has 
contribution from x-axis, i.e these transitions are possible only along the 
macromolecular backbone. If the BB model were valid for the C 1s → σ*C-C transition, 
i.e. the TDM along the individual C-C bond, the transition intensity would have 
projection along the macromolecular backbone and perpendicular to the 
macromolecular backbone as well. However, our calculation shows the transition 
probability of C 1s → σ*C-C is along the macromolecular backbone. Therefore, the BB 
model is not supported theoretically, and the TDM of C 1s → σ*C-C is along the 
macromolecular backbone. The remaining features are much weaker compared to the 
above mentioned three features. It is hard to identify the character of these features.  
Experimentally, three σ*C-C features are identified in the continuum of the 
NEXAFS spectra of n-alkanes.14 In this minimal basis set IVO calculation, three strong 
features are revealed in the continuum in which two are pure σ*C-H character and one 
σ*C-C character. This experimental and theoretically inconsistency is interesting. 
Further investigation is needed.  
 
3.2 LD in NEXAFS features below the IP 
3.2.1 Justification for moderate basis set 
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Table 2 presents the calculated energies, term values, oscillator strengths, orbital 
size, and singlet-triplet separation based on IVO ab inito calculations for a CH2 group 
of an isolated nonane molecule with a moderate basis set.  
Table 2: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, and 
singlet-triplet separation based on IVO ab initio calculations for a CH2 group of an 
isolated nonane molecule calculated with a moderate basis set.a 
Ionization potential 290.288 eV 
Orbital character Energy 
(eV) TV
b
 
Oscillator 
strength Size (Å) Major Minor 
∆E(S-T) (eV) 
288.05 2.24 0.0020 3.598 3s 3px/3pz 0.115 
288.90 1.39 0.0040 3.248 3py 3s 0.095 
289.07 1.22 0.0006 3.412 3pz 3s 0.031 
290.07 0.22 0.0003 3.594 3px 3s/3pz 0.006 
 
a. The basis sets used in this calculation were: basis set: (411121 3111) for central  
    carbon, (621 41) for other carbons, (41) for hydrogen atoms. The polarization  
    functions were ζd = 1.335 and 0.288, and diffuse functions ζp = 0.0440, ζs = 0.075,  
    and 0.0253. 
b. Term Value (TV) = Ionization Potential – Energy 
 
The calculated C1s IP with this moderate basis set is 290.288 eV, which is close to 
the experimental value of 290.7 eV of propane.24 This moderate basis set IVO 
calculation reveals four excited states below the C 1s IP. These orbitals have larger 
orbital size (>3 Å) and weaker oscillator strength, indicating that these resonances have 
Rydberg character. The singlet-triplet energy difference for the first two core excited 
states, 0.115 eV and 0.095 eV, respectively, implies some valence character, which is 
consistent with a recent study of gaseous n-alkanes, where a small degree of σ*C-H 
valence character contributes to Rydberg dominant excited states that have appropriate 
symmetry.22 The remaining two excited states exhibit large orbital size, small singlet – 
triplet separation, indicating they are of Rydberg character. This moderate basis set is 
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thus adequate for describing Rydberg core excited states. Thus validated, we will use 
this moderate basis set to describe Rydberg character in condensed phase cluster 
calculations, below. 
3.2.2 Character of each NEXAFS feature below the IP 
A Rydberg orbital can be identified by its large radius, weak oscillator strength, and 
a small difference between its singlet and triplet excitation energy. At the carbon 1s 
edge, Rydberg core excited states have a radius greater than ~3 – 4 Å, for small and 
larger molecules, respectively. The oscillator strength is usually less than 0.01 for 
Rydberg transitions. A state with a singlet-triplet energy difference less than 0.05 eV is 
usually considered to be a Rydberg state.23  
Table 3 presents the results of ‘shielding refined IVO’ calculations performed for 
the central carbon atom in a single nonane molecule. A comparison of Table 2 (regular 
IVO) and Table 3 (‘shielding refined IVO’) reveals an enhancement of the valence 
character in the first two excited states in gas phase nonane. The size of the optical 
orbital decreased by 0.121 Å and 0.063 Å, respectively, for the first two excited states 
from the calculations without shielding, and the singlet-triplet separation increased by 
0.057 eV and 0.033 eV, respectively. This indicates that the first two transitions have 
significant valence character and that the estimation of this valence character improves 
when Rydberg – valence mixing is more accurately considered. For the remaining two 
excited states, the orbital size did not change substantially and the singlet-triplet 
separation remains less than 0.05 eV, indicating that these core excited states have 
predominant Rydberg character. 
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Table 3: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, and 
singlet-triplet separation based on ‘shielding refined IVO’ calculations for a central 
CH2 group of an isolated nonane molecule.a 
 
Orbital character Energy 
(eV) 
TVb 
(eV) 
IPc 
(eV) 
Oscillator 
strength 
Size 
(Å) Major Minor 
∆E(S-T) 
(eV) 
287.92 2.60 290.52 0.0028 3.477 3s 3pz 0.172 
288.77 1.71 290.48 0.0052 3.185 3py 3s 0.128 
288.93 1.48 290.41 0.0003 3.421 3pz 3s 0.016 
CH2 
289.97 0.44 290.41 0.0004 3.544 3px 3s 0.007 
 
a. The basis sets used in this calculation were: (411121 3111) for central carbon, (621  
    41) for other carbons, (41) for hydrogen atoms. The polarization functions were ζd =  
    1.335 and 0.288, and diffuse functions ζp = 0.0440, ζs = 0.075 and 0.0253. 
b. Term Value = Ionization Potential – Energy 
c. Ionization potential is calculated based on ∆SCF method, where the energy 
difference is between the ground state molecule and core-excited cation, where the  
(N- 1) electron component has been calculated with the screening for the excited  
electron in the optical orbital. 
 
Table 4: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, and 
singlet-triplet separation based on ‘shielding refined IVO’ calculations for a central 
CH2 group of a nonane cluster.a  
Orbital character Energy 
(eV) 
TVb 
(eV) 
IPc 
(eV) 
Oscillator 
Strength 
Size 
(Å) Major Minor 
∆E(S-T) 
(eV) 
289.07 2.96 292.03 0.0076 2.738 3s 3px, y, z 0.402 
289.86 2.19 292.04 0.0114 2.684 3s 3px, y, z 0.369 
290.41 1.21 291.62 0.0001 3.034 3s / 3pz 3px, y 0.003 
CH2 
290.97 0.48 291.45 0.0008 3.320 3px 3s 0.019 
 
a. The basis sets used in this calculation were: (411121 3111) for central carbon of  
    central chain, (621 41) for other carbons of central chain, (41) for hydrogen atoms  
    of central chain, (43 4) for carbons in other chains, (4) for hydrogen atom in other  
    chains. The polarization functions were ζd = 1.335 and 0.288, and diffuse functions  
    ζp = 0.0440, ζs = 0.075 and 0.0253. 
b. Term Value (TV) = Ionization Potential – Energy 
c. Ionization potential is calculated based on ∆SCF method, where the energy  
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   difference is between the ground state molecule and core-excited cation, where the  
   (N- 1) electron component has been calculated with the screening for the excited  
   electron in the optical orbital. 
 
The results of ‘shielding refined IVO’ calculations of a single nonane molecule 
and a nonane cluster are presented in Table 3 and Table 4. Upon condensation, all 
transitions have a “blue shift” relative to corresponding values for the single nonane 
molecule, consistent with experimental results and previous theoretical calculations.8 
Molecular orbital size for the first two excited states shows a significant change from 
the gas phase to solid phase (3.477 Å (g) to 2.738 Å (s), 3.185 Å (g) to 2.684 Å (s)). 
For the remaining two core excited states, a large change is not observed. A greater 
singlet-triplet energy separation is also observed for the first two core excited states, 
increasing from 0.172 and 0.128 eV to 0.402 and 0.369 eV, respectively. This indicates 
that the first two core excited states are dominated by valence character and the second 
two are of Rydberg character in the condensed phase of n-alkanes. 
In order to estimate the effect of the end CH3 groups on the electronic structure of 
the central CH2 groups, Table 4 and Table 5 compare the excitation energy, orbital size, 
oscillator strength, and singlet-triplet separation from ‘shielding refined IVO’ 
calculations of the nonane and propane clusters. A red shift is observed in the propane 
cluster due to the presence of methyl groups near the methylene core in propane. A 
larger orbital size and smaller singlet-triplet separation is observed in the propane 
cluster. The first two excited states have greater valence character in the nonane 
cluster. The relative strength of the first two transitions is 1 : 2.27 for propane, and 1 : 
1.50 for nonane, respectively. It is expected as the chain becomes longer; the relative 
intensity of these two features would become equal. We have seen experimentally that 
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in the NEXAFS spectra of tetracontane,25 these two peaks have almost identical 
intensity. 
Table 5: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, and 
singlet-triplet separation based on ‘shielding refined IVO’ calculations for a central 
CH2 group of a propane cluster.a  
 
Orbital character Energy 
(eV) 
TVb 
(eV) 
IPc 
(eV) 
oscillator 
strength 
Size 
(Å) Major Minor 
∆E(S-T) 
(eV) 
288.93 3.02 291.94 0.0049 3.026 3s 3px, y, z 0.367 
289.79 2.20 291.99 0.0111 2.859 3s 3px, y, z 0.332 
290.16 1.41 291.58 0.0001 3.401 3px 3s / 3py, z 0.001 
CH2 
290.40 1.24 291.64 0.0002 3.205 3pz / 3s 3px, y 0.031 
 
a. The basis sets used in this calculation were: (411121 3111) for central carbon of  
    central chain, (621 41) for other carbons of central chain, (41) for hydrogen atoms  
    of central chain, (43 4) for carbons in other chains, (4) for hydrogen atom in other  
    chains. The polarization functions were ζd = 1.335 and 0.288, and diffuse functions  
    ζp = 0.0440, ζs = 0.075 and 0.0253. 
b. Term Value (TV) = Ionization Potential – Energy 
c. IP is calculated based on ∆SCF method, where the energy difference is between the 
    ground state molecule and core-excited cation, where the (N-1) electron  
    component has been calculated with the screening for the excited electron in the  
    optical orbital. 
 
From these results, we conclude that the first two core excited states have a greater 
valence character in the condensed phase. In contrast, due to the relatively large 
molecular orbital size and smaller singlet-triplet energy separation (< 0.05 eV), the 
remaining two core excited states have retained their Rydberg character in the 
condensed phase. This can be understood by considering the distribution of oscillator 
strength for each excited state along the x-, y-, and z-axis. 
The contribution of the oscillator strength along the x-, y-, and z- axes of a single 
nonane molecule and cluster has been calculated and tabulated in Table 6. For the 
single molecule and cluster model, the first two core excited states have oscillator 
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strengths oriented in the y- and z- axes, e.g. in the C-H plane. It is therefore possible 
for the valence (σ*C-H) and Rydberg states to mix.22 The cluster shows some mixing in 
the yz plane. Therefore, in the gas phase, these two peaks are dominated by Rydberg 
character, while in the condensed phase, the Rydberg character has been quenched and 
these two peaks are dominated by valence character. The fourth excited state in the 
nonane cluster (the third in the propane cluster) only has a contribution along the x- 
axis (perpendicular to the C-H plane), therefore, there is no way for the valence and 
Rydberg to mix, i.e. the fourth excited state of nonane cluster (the third of propane 
cluster) is of pure Rydberg character in the gas and condensed phases. 
Table 6: Calculated oscillator strength distributed along the x-, y- and z- direction for 
propane and nonane cluster.  
 
  OS(x) OS(y) OS(z) 
LUMO 0.0000 0.0000 0.0020 
LUMO+1 0.0000 0.0040 0.0000 
LUMO+2 0.0000 0.0000 0.0006 
Nonane single 
molecule with 
moderate basis sets 
 LUMO+3 0.0003 0.0000 0.0000 
LUMO 0.0000 0.0000 0.0028 
LUMO+1 0.0000 0.0052 0.0000 
LUMO+2 0.0000 0.0000 0.0003 
Nonane single 
molecule with 
‘shielding refined 
IVO’ calculation LUMO+3 0.0004 0.0000 0.0000 
LUMO 0.0000 0.0013 0.0035 
LUMO+1 0.0000 0.0108 0.0004 
LUMO+2 0.0001 0.0000 0.0000 
Propane cluster 
 
 
LUMO+3 0.0000 0.0000 0.0002 
LUMO 0.0000 0.0027 0.0049 
LUMO+1 0.0000 0.0102 0.0013 
LUMO+2 0.0000 0.0000 0.0001 
Nonane cluster 
 
LUMO+3 0.0008 0.0000 0.0000 
 
3.2.3 LD for the NEXAFS features below the C 1s IP for n-alkanes  
In the above calculations, the first two transitions in the nonane cluster and 
propane cluster are oriented in the CH2 plane (yz plane) and perpendicular to the 
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macromolar axis (x-axis). They are dominated by the C 1s → σ*C-H transitions in the 
condensed phase. In the angular dependent NEXAFS spectra,14 the first two transitions 
exhibit strong angular dependence with maximum intensity at θ = 90° (E vector 
perpendicular to the macromolecular backbone) and near-zero intensity at θ = 0° (E 
vector parallel to the macromolecular backbone). Therefore, the TDMs of these first 
two transitions are perpendicular to the macromolecular axis. However, a recent 
observed dichroism in the C 1s → σ*C-H transitions of single crystals of n-tetracontane 
reveals that the TDM of these two transitions are along a- and b- axis of the 
orthorhombic unit cell of the n-tetracontane crystal.25 
The third transition in the propane cluster (the fourth in the nonane cluster) only 
exhibits intensity along the macromolecular backbone (z-axis) and no absorption in the 
CH2 plane (yz plane). This transition is of Rydberg character as analyzed before. In the 
angular dependent NEXAFS spectra,14 the third transition exhibits the same angular 
dependence as the C 1s → σ*C-C transition, therefore, the TDM of this transition is 
along the macromolecular backbone. 
4. Conclusion 
We have examined the linear dichroism for the NEXAFS resonances of n-alkanes 
by carrying out ab initio theoretical calculations on an isolated nonane molecule, a 
nonane cluster, and a propane cluster. For the NEXAFS resonances above the C 1s IP, 
we found that the transition dipole moment of C 1s → σ*C-C transition is along the 
macromolecular backbone. For the NEXAFS resonances below the C 1s IP, when the 
intermolecular interaction in the condensed phase n-alkanes is considered, for the 
features oriented in the CH2 plane the Rydberg transition is most likely to be quenched 
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and the valence character is dominant. The TDM of these valence features is in the CH2 
plane, perpendicular to the macromolecular axis. However, for the feature along the 
macromolecular backbone, there is no valence character. This is a pure Rydberg 
transition with its TDM along the macromolecular axis. 
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3.5 Morphology and molecular orientation change as a function 
of n-alkane chain length and substrate temperature 
 
This section documents the effects of n-alkane chain length and substrate 
temperature on the growth of linear alkane thin films onto cleaved NaCl (001) surface. 
This work is in preparation and presented here in its manuscript form. 
The author of this thesis prepared these samples, acquired the NEXAFS spectra, 
was a major contributor in establishing the discussion, and prepared the manuscript in 
close collaboration with Dr. Urquhart. 
 The author of this thesis obtained Dr. Urquhart’s agreement to present the work in 
this thesis. 
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vacuum deposition onto NaCl(001) surfaces at ambient and elevated substrate 
temperatures. The orientational morphology, specifically the nature of domains with 
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substrate temperature. It is found that the longer n-C60H122 molecules are laterally 
oriented on the substrate surface within the investigated substrate temperatures, but the 
morphology of these oriented domains varies with temperature. The shorter n-C36H74 
molecules are only partially laterally oriented at low substrate temperature and 
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considerations, in particular the relative enthalpic and entropic contributions to the free 
energy associated with the different molecular orientations. 
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1. Introduction 
 
Organic thin films are of great interest because of their potential applications in the 
field of molecular electronics, optics and sensors.1,2 The properties of these devices are 
closely related to the structural order, orientation and morphology of the molecules in 
the thin films. Understanding the mechanisms of the growth of organic thin films, 
developing methods to control the resultant morphology and to characterize this 
orientational nanostructure is essential for developing these technologies.  
Alkanes are simple organic molecules. They play important roles in the formation 
of ordered structures in molecular assemblies such as Langmuir-Blodgett films, self-
assembled monolayers, and liquid crystals. Therefore, knowledge of the structure of 
alkane films should be useful for understanding and controlling the morphology and 
molecular orientation in functional thin films.  
The structure of linear alkane thin films has been investigated by a variety of 
techniques, such as electron microscopy and electron diffraction,3-5 X-ray diffraction,6-9 
atomic force microscopy (AFM),10,11 infrared transmission and reflection-absorption 
spectroscopies,12,13 and Near edge X-ray absorption fine structure (NEXAFS) 
spectroscopy and microscopy.14,15 
Here, NEXAFS spectroscopy and microscopy is explored and developed as a 
complementary means to characterize the morphology and orientation in these thin 
films. NEXAFS spectroscopy uses synchrotron radiation, which is tunable and highly 
polarized. In NEXAFS spectroscopy, X-rays are absorbed when a core-level electron is 
excited to an unoccupied molecular orbital that is specific to the molecule’s electronic 
 149 
structure; therefore, NEXAFS spectroscopy can be used to identify the element species 
and functional groups in the sample.16-18  
Linear dichroism in NEXAFS spectroscopy and microscopy can be used to 
investigate molecular orientation. For example,  the linear dichroism in NEXAFS 
microscopy was demonstrated for Kevlar fiber,19 where the butterfly-like patterns 
change with rotation of the electric field vector of X-rays. These butterfly-like patterns 
are consistent with the expected radically symmetric structure of the fiber. Linear 
dichroism in NEXAFS spectroscopy has been demonstrated in species such as 
crystalline polymers,20 self-assembled monolayers,21 and Langmuir-Blodgett films.22,23  
In NEXAFS spectroscopy, the intensity of a specific NEXAFS transition depends 
on the angle (θ) between the electric field vector of linearly polarized X-rays and the 
transition dipole moment (TDM, ifµ ) of that transition according to 
θµ 22 cos∝⋅∝ ifEI                                   (1) 
where µif is the TDM for the one electron transition from the initial state iψ  to the final 
state fψ  according to: 
                                        ifif ψµψµ =          (2)  
where µ is the electric dipole operator. 
This effect is illustrated in Figure 1 for the linear dichroism of an oriented linear 
alkane chain.24,25 When the X-ray’s electric field vector is oriented perpendicular to the 
molecular backbone (e.g. Figure 1b), this vector is parallel to the TDM for the σ*C-H 
molecular orbital, and therefore the Carbon 1s → σ*C-H transitions at ~288 eV have 
their maximum intensity. Figure 1(c) demonstrates the contrasting situation, where the 
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X-ray electric field vector is oriented parallel to the macromolecular backbone, i.e. this 
vector is parallel to the TDM of Carbon 1s → σ*C-C transition, therefore, the Carbon 1s 
→ σ*C-C transition (~293 eV) has maximum intensity and the intensity of the Carbon 
1s → σ*C-H transition reaches a minimum. The linear dichroism in alkanes has been 
recently studied by our group,25 in which we showed that the pseudo-diatomic building 
block model used by many groups26,27 provides an inaccurate measurement of the 
orientation of alkyl molecules.  
 
Figure 1 (a) Schematic of a linear alkane chain and an enlarged view of the geometry 
of a carbon atom in the chain. The x-axis is the macroscopic chain direction and C-H 
bonds are located in the z-y plane. (b) When ⊥
→
E x-axis, the maximum intensity occurs 
at the Carbon 1s→σ*C-H transitions; (c) When //
→
E x-axis, the maximum intensity 
occurs at the Carbon 1s→σ*C-C transitions. 
→
E is the electric field vector of X-rays. This 
figure is derived from Figure 2 in ref 24. 
Energy (eV)
290 300 310
O
pt
ic
al
 
D
en
sit
y 
E 
E H 
H 
C1s→σ*C-H 
C1s→σ*C-C 
(b) 
(c) 
H 
H 
(a) 
H 
H 
X 
Z 
Y 
 151 
This linear dichroism allows us to determine the orientation of alkane molecules in 
these thin films. When the alkane chains are oriented normal to the sample surface, the 
X-ray absorption spectrum will be characterized by a strong Carbon 1s → σ*C-H 
transition and a weak Carbon 1s → σ*C-C transition (cf. Figure 1b). When the alkane 
chains are laterally oriented within the plane of the surface, the orientation in this plane 
can be determined as shown schematically in Figure 2, where the intensity of the 
Carbon 1s → σ*C-H transition and the Carbon 1s → σ*C-C transition depends on the 
orientation of the molecule relative to the photon polarization vector. 
 
Figure 2 Relative spatial arrangements of linear alkane molecules (laterally oriented 
along the substrate surface) with respect to electric field vector of X-rays,
→
E . (a) 
Electric field vector perpendicular to macromolecular backbone; (b) Electric field 
vector parallel to macromolecular backbone. 
Ordered linear alkane thin films can be prepared by epitaxy,28,29 which refers to a 
system where there is a well-defined orientational relationship between the film and 
substrate. Epitaxy in linear alkane thin films has been known since 1956.30 Unlike 
atomic epitaxy, molecular orientation is an important variable, as will be outlined 
below. In molecular epitaxy, lattice mismatch is generally less important. For example, 
the epitaxial crystallization of polyethylene was observed on cleaved (001) surfaces of 
E 
(b) (a) 
E 
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NaCl, NaBr, NaI, KCl, KI, and LiF with the corresponding lattice mismatching ranging 
from -28% to 27%.31 This epitaxy arises from the high symmetry and the ionic field 
force of the ionic substrate, inducing the molecules to align along the substrate surface.  
Figure 3 presents a diagram of the epitaxial growth of a linear alkane on a NaCl 
(001) surface, where alkane chains are laterally-oriented on substrate surface along the 
<110> and <110> directions. This is consistent with theoretical calculations32,33 and 
previous experimental results.4,5 
 
Figure 3 Epitaxial relationships between linear alkane molecules and NaCl (001) face. 
The alkane chains are oriented laterally on the substrate surface with their c-axis along 
the <110> and <110> directions of the substrate. 
The structure of linear alkane thin films is variable. For example, the morphology 
of an ultrathin film of hexacontane (n-C60H122) prepared by spin casting onto graphite 
was examined by atomic force microscopy, revealing a lamellar morphology of 
laterally oriented alkane chains.11 In contrast, raft-like structures have been found for 
hexatriacontane (n-C36H74) thin films grown on cleaved NaCl and KCl surfaces, as 
examined by scanning electron microscopy.4 The morphology and molecular 
orientation of the linear alkane thin films is greatly affected by the deposition 
conditions such as substrate temperature5,34,35 and deposition rate36 as well as the length 
<110> 
<110> 
Cl¯  Na+ C H 
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of the molecular chain.36-38 For example, pentacontane (n-C50H102) molecules are 
laterally oriented when evaporated onto fused-quartz substrate at lower substrate 
temperature (Ts = 134 K), while at higher substrate temperature (Ts = 335 K) all n-
C50H102 molecules become normally oriented. At intermediate substrate temperature, 
both lateral orientation and normal orientation are found.39 For the shorter tetracontane 
(n-C40H82), the normal orientation occurred at a lower substrate temperature (Ts = 325 
K) than that for longer pentacontane.39  
In this paper, we present results of an X-ray spectroscopy and microscopy study of 
the orientational morphology of thin films of linear alkanes. A wide range of 
morphologies are observed in these thin films. The orientation of the alkane molecules 
in thin films is also found to vary with chain length and the substrate temperature 
during deposition. These observations are rationalized by consideration of the kinetics 
and thermodynamics of film nucleation and growth.  
2. Experimental section 
Sample preparation 
The linear alkanes used in this study are n-hexacontane (n-C60H122, HC) (Sigma-
Aldrich, 98%) and n-hexatriacontane (n-C36H74, HTC) (Sigma-Aldrich, 98%), used 
without purification. NaCl surfaces were prepared by cleaving a NaCl single crystal to 
expose a fresh (001) crystal plane. The alkane sublimation was carried out under a 
vacuum of ~10-7 torr from a resistively heated tungsten boat. The average thickness of 
the deposited films was controlled to be around 100~150 nm with a quartz crystal 
microbalance. During deposition, the NaCl substrates were heated with a quartz 
halogen light bulb mounted beneath the sample holder and the substrate temperature 
 154 
was monitored with a thermocouple. After deposition, the NaCl substrate was 
dissolved in millipore water and the floating alkane thin films were picked up by Si3N4 
membranes windows [Silson Ltd.] for the X-ray microscopy experiment. 
In order to explore the effects of chain length on the molecular orientation and thin 
film morphology of linear alkanes, HC and HTC thin films were prepared in vacuum 
on an unheated cleaved NaCl (001) surface (Ts = RT). The effects of substrate 
temperature were examined on HC and HTC thin films prepared on cleaved NaCl 
(001) surfaces at elevated substrate temperature. For HC thin films, the substrate 
temperatures are: Ts = RT, 36°C, 40°C, 45°C, 48°C, and 60°C. For HTC thin films, the 
substrate temperatures are: Ts = RT and 40°C. 
Data Acquisition 
NEXAFS images and spectra were recorded at the Advanced Light Source in 
Berkeley on two different Scanning Transmission X-ray Microscopes (STXM): the 
Polymer-STXM (beamline 5.3.2)40 and the Molecular Environmental Sciences STXM 
(beamline 11.0.2).41 All spectra were acquired in transmission mode and are reported 
as optical density versus energy. Using STXM microscopes, X-ray absorption images 
can be obtained at a spatial resolution below 35 nm, depending on the zone plate. The 
X-ray absorption spectrum can be obtained from sub-micron scale domains.42 
At the carbon 1s edge, the energy calibration is performed by introducing CO2 into 
the microscope chamber while the sample is in place, allowing the spectrum of the 
sample and the calibrated CO2 to be recorded simultaneously. The two absorption 
peaks in CO2 corresponding to the C 1s → 3s (ν = 0) (292.74 eV) and C 1s → 3p (ν = 
0) (294.96 eV) are used for calibration.43 
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3. Results and Discussion 
3.1 Analysis of STXM data 
As introduced in section 1, NEXAFS spectroscopy and microscopy can be used to 
obtain information about thin film morphology and molecular orientation of linear 
alkanes. This section focuses on how to extract such information, using the sample of 
HC prepared on cleaved NaCl surface at room temperature. 
Figure 4 (a) X-ray absorption image at 287.6 eV (at which C 1s → σ*C-H transitions 
occur) of HC films, thermally evaporated on NaCl (001) face at Ts = RT. (b) X-ray 
absorption image at 330 eV (at which no specific transitions for alkane samples occur). 
(c) NEXAFS spectra correspond to the image contrast in image (a). The optical density 
for these two spectra at 330 eV is identical (OD=0.35), indicating this sample is 
uniform. 
Figure 4(a) and (b) presents X-ray microscopy images, recorded at 287.6 eV for 
(a) and 330.0 eV for (b), of an HC thin film (120 nm) deposited onto a cleaved NaCl 
(001) substrate at Ts = RT.  Figure 4(c) presents extracted Carbon 1s NEXAFS spectra 
from the dark and light domains observed in Figure 4(a). The resonances observed at 
Energy (eV)
282 284 286 288 290 292 294 296 298
O
pt
ic
a
l D
en
sit
y
0.0
0.2
0.4
0.6
0.8
Light Domains
Dark Domains
(a) 
(c) 
2µm 
 
(b) 
2µm 
 156 
287.6 eV and 288.2 eV have been previously assigned as Carbon 1s → σ*C-H 
transitions, and the broad resonance at 293.5 eV as a Carbon 1s → σ*C-C transition.44,45  
Strong image contrast is observed in Figure 4(a), recorded at the energy of a 
Carbon 1s → σ*C-H transition, while there is no contrast in Figure 4(b), recorded at an 
energy in the post-edge continuum. The origin of the X-ray microscopy image contrast 
is shown in equation 3: 
)exp(0 tII ⋅⋅−= ρµ                                   (3) 
where I is transmitted intensity, I0 is the incident photon flux intensity, t is sample 
thickness, µ is the mass absorption coefficient, and ρ is the density. The X-ray images 
are a measure of the X-ray transmission (spatial variation in I at a fixed value of Io). 
The X-ray absorption spectra are presented on an optical density scale that is defined as 
tIIOD ⋅⋅=−= ρµ)/ln( 0                             (4) 
The image contrast in Figure 4(a) can arise from either the presence of different 
chemical components or molecular orientation (reflected in the mass absorption 
coefficient, µ ) or from differences in sample thickness (t) or density (ρ). Given the 
purity of HC (98%) and the possibility of distillation-purification during evaporation in 
vacuum, the presence of other chemical species can be excluded. 
Whether this image contrast is caused by molecular orientation, sample thickness 
difference or both can be resolved by examining an X-ray microscopy image recorded 
at energies where no spectroscopic features are present. In the post-edge region (above 
315 eV for n-alkanes), no absorption features are present and the mass absorption 
coefficient ( µ ) reflects the atomic photoionization cross-section. Therefore, the optical 
density (Eq. 4) in the post-edge is proportional to the product of the sample’s density 
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and thickness, and is independent of molecular orientation. Because of the similarity of 
the post-edge region in Figure 4(c) (above 315 eV), and the lack of image contrast in 
Figure 4(b) (recorded at 330 eV), we conclude that the HC films have uniform 
thickness and density and the image contrast in Figure 4(a) can be entirely attributed to 
different molecular orientations present in the thin film (i.e. the variation in µ with 
molecular orientation). The intensity of the Carbon 1s → σ*C-H transitions varies with 
orientation, indicating that this sample is well ordered and HC molecules are laterally 
oriented on the sample surface, (cf. Figure 1 and Figure 2), orthogonally as shown in 
Figure 3. Thus, NEXAFS spectroscopy provides a direct method to determine the 
molecular orientation at the sub-micron scale. 
3.2. Morphology and Orientation of Linear Alkane Thin Films as a Function of 
Chain Length 
 
Thin films of linear alkanes n-Hexacontane (n-C60H122, HC) and n-
Hexatriacontane (n-C36H74, HTC) were deposited onto an unheated (e.g. room 
temperature Ts = RT (22 ± 1 °C)) NaCl (001) surface.  
As discussed in section 3.1, the HC thin films (Figure 4) prepared on cleaved 
NaCl surfaces at Ts = RT have a uniform thickness. The HC molecules are oriented 
laterally on the NaCl (001) surface along two crystallographic equivalent directions.  
Figure 5(a) presents an X-ray microscopy image recorded at 287.6 eV of HTC 
film (120 nm). In this figure, a combination of raft-like structures (vertical and 
horizontal bars, oriented 90o to each other) and disk-like structures (round domains) are 
observed. NEXAFS spectra extracted from these domains are presented in Figure 5(b). 
The spectrum extracted from a vertically-oriented bar shows maximum absorption at 
~293 eV, corresponding to a Carbon 1s → σ*C-C transition. The spectrum from a 
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horizontally-oriented bar has a maximum at ~288 eV (Carbon 1s → σ*C-H transition). 
These results indicate that the macromolecular axis of HTC molecules in each raft-
element is parallel to the substrate surface, but oriented normal to the longitudinal 
direction of the element. The HTC molecular orientation is attributed to epitaxy along 
the two crystallographically equivalent directions on the NaCl(001) surface, as shown 
in Figure 3. Some defects (raft elements that are not orthogonally oriented) can be 
attributed to the flotation of the sample on H2O that is used to remove the NaCl 
substrate. In addition to the raft elements, thinner “disk-like structures” are observed 
between the raft elements. The NEXAFS spectra show that HTC molecules in these 
domains are oriented normal to the substrate surface (solid line in Figure 5(b)).  
 
Figure 5 (a) X-ray absorption image at 287.6 eV of HTC films, thermally evaporated 
on NaCl (001) face at Ts = RT. (b) NEXAFS spectra correspond to the image contrast 
in image (a). The optical density for these spectra at 330 eV is different (solid line+dot, 
OD=0.12; dashed line, OD=0.12; and solid line, OD=0.05), indicating that the raft-like 
structure has the same thickness, which is thicker than disk-like structure. 
The variation of molecular orientation for the longer HC molecules (Figure 4) and 
the shorter HTC molecules (Figure 5) can be understood by considering the degree of 
supercooling,39 which is defined as the difference between the melting point Tm of the 
alkane molecules and the substrate temperature Ts: ∆T = Tm – Ts. Specifically, higher 
∆T gives lateral orientation, lower ∆T produces normal orientation, and at intermediate 
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∆T, lateral and normal orientation could coexist. The ∆T for HC (Tm = 98°C) and 
HTC (Tm = 74°C) at Ts = RT is 76°C and 52°C, respectively. This degree of 
supercooling is a useful generalization for tracking these structural changes, as the 
melting point increases with the n-alkane chain length, but the temperature relative to 
the melting point is the most important variable.  
These observations can be better understood by considering the relative 
contribution of the enthalpy and entropy to the free energy associated with the different 
molecular orientations and the kinetics of nucleation for the formation of oriented 
domains.  
There is a tendency for the –CH3 group to be at the surface due to the lower 
interfacial energy of the –CH3 group compared to the –CH2 groups.46,47 Therefore, 
when the system is allowed to approach equilibrium, the preferred n-alkane orientation 
would be normal to the substrate surface. However, for the deposition of vapor 
molecules on a substrate surface, at a “supercooled temperature” (larger ∆T), the 
system is not in equilibrium. The vapor molecules can be kinetically trapped in a non-
equilibrium state, oriented laterally in the surface plane. Therefore, the formation of 
thin films from vapor phase can be a kinetically limited process. 
When the vapor molecules are deposited on a substrate, the enthalpy change (∆H) 
and the entropy change (∆S) are negative. For longer chain molecules, the magnitude 
of ∆H increases with the chain length, and the magnitude of the ∆S term is depends on 
the molecular orientation and substrate temperature. The combination of these terms 
determines the free energy associated with different molecular orientations, and the 
driving force, even if the morphology is kinetically limited. 
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Let us first consider the interaction of a single n-alkane chain with the substrate. 
The interaction energy between the substrate surface and the n-alkane chain was 
calculated by Mauritz et al.32 as 100 kJ mol-1 9CH2-1, or 11.2 kJ mol-1 CH2-1 between 
NaCl and methylene group. This is consistent with the recent ~0.1 eV CH2-1 for n-
alkane interaction with graphite.48,49  Based on this value, the interaction energy with 
NaCl would be ~670 kJ mol-1 for HC and ~402 kJ mol-1 for HTC provided all CH2 
groups are on the substrate. The term ∆S depends on the molecular orientation and Ts. 
In the n-alkane/NaCl system, when the alkane molecule is laterally oriented on the 
substrate surface along the <110> and <110> directions, the molecule is relatively 
confined in an ordered structure. In contrast, when the molecule is normally oriented 
on the substrate surface, more sites are available to accommodate each molecules. 
Gauche defects50, the internal degrees of freedom, are likely to form when the molecule 
is normal to the substrate and at higher substrate temperature. Therefore, for a single n-
alkane molecule, the molecule will lie laterally on the substrate surface if the enthalpic 
interactions are stronger, and will orient normal to the surface is the enthalpic 
contributions are weaker. 
For many n-alkane chains, intermolecular or alkane-alkane interactions need to be 
considered in addition to the molecule– substrate interactions. In multilayer films, the 
enthalpic intermolecular contributions are similar for a normal or lateral molecular 
orientation, e.g. similar “bulk” intermolecular interactions will exist. Therefore, one 
expects that in the formation of a multilayer sample, the subsequent layers will follow 
the pattern of the first layer. 
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Due to the similar “bulk” intermolecular enthalpies, the growth mechanism (layer-
by-layer versus 3D island) of the first layers determines the ultimate morphology of the 
thin film. If the bare substrate surface has lower free energy, small clusters are 
nucleated directed on the substrate to minimize the total free energy. The clusters then 
grow into 3D islands, which in turn coalesce to form a film. This film may have 
variation in thickness and defects at the interfaces where adjacent clusters coalesce. 
However, if the interface free energy between the film and the substrate is low enough, 
the deposited materials wet the substrate completely to minimize the total free energy, 
and a uniform monolayer will be formed. Once the first monolayer is formed, the 
subsequent deposits follow the monolayer pattern, and therefore the deposited 
materials form a uniform layer-by-layer structure.  
At room temperature, the strong enthalpic interaction of HC molecules with NaCl 
(001) surface will tend to hold the HC molecules oriented along the substrate surface. 
This strong interaction also lowers the film-substrate interfacial free energy; therefore, 
the HC molecules tend to wet the substrate surface to form a layer-by-layer growth, i.e. 
the epitaxial growth of HC molecules on NaCl (001) likely assume growth according 
to the Frank-van der Merwe mode.51 However, for the shorter HTC molecules, the 
interaction between the HTC molecules and the substrate surface is weaker (less 
negative ∆H). This weak interaction may not hold the HTC molecules oriented along 
the surface and some HTC molecules gain thermal energy to reorient. Thus, the free 
energy is dominated by the entropic term, causing the molecules to adopt normal 
orientation. However, the observation of the coexistence of normal and lateral 
orientation leads us to conclude that this reorientation is a kinetic limited process. It 
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could be due to that this reorientation process from lateral to normal orientation is slow 
(e.g. kinetically trapped) or that the deposition rate is so fast that the lateral oriented 
HTC molecules do not have enough time to reorient before they are buried by 
subsequent molecules. In terms of the HTC thin film morphology, the film-substrate 
interfacial free energy is such that the HTC molecules tend to form 3-dimensional 
island growth (VW growth mode) rather than wetting the substrate.  
In the HTC thin film, we observe that the HTC molecules in the raft-like structure 
are perpendicular to the longitudinal direction of the raft-like element (see figure 5). 
This is contrary to the electron diffraction results,4 that concluded that the 
macromolecular axis (c-axis in the unit cell) of HTC molecules in the raft-like 
structure were oriented along the longitudinal direction of the raft-like structure. In the 
electron diffraction measurements, the beam was defocused over many domains to 
limit radiation damage; here, x-ray microscopy can examine individual crystallites with 
minimal radiation damage. The analysis of these raft elements shows an energetic 
preference for the addition of new HTC molecules aligned along side of other HTC 
molecules, over head-to-tail arrangements of molecules with the same orientation. This 
argument is illustrated in Figure 6. This effect – and the resultant growth of long raft 
structures where the chains are oriented perpendicular to the long direction shows the 
preferential growth in the direction that maximizes favorable edge-to-edge van der 
Waals interactions. This result nicely illustrates the power of x-ray microscopy for 
analyzing molecular orientation at the nanoscale.  
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Figure 6 Vapor HTC molecule adsorbs on the substrate or the already-formed film in 
two ways: (a) along side of other HTC molecule, and (b) head-to-tail arrangement. The 
side-by-side is the energetic preferential arrangement. 
3.3. Morphology and orientation of linear alkanes deposited on substrates at 
different temperatures 
 
Thin films of linear alkanes n-hexacontane (n-C60H122, HC) and n-hexatriacontane 
(n-C36H74, HTC) were deposited onto a NaCl (001) surface at various substrate 
temperatures. These conditions are: Ts = RT, 36°C, 40°C, 45°C, 48°C, and 60°C for 
HC thin films, and Ts = RT and 40°C for HTC thin films. 
Figure 7 presents X-ray microscopy images (left column) and the NEXAFS 
spectra extracted (right column) from the corresponding light and dark domains in 
respective images of HC thin films deposited at different substrate temperatures (a) 
RT, (b) 36°C, (c) 40°C, (d) 45°C, (e) 48°C, and (f) 60°C. These images were acquired 
at the energy of the Carbon 1s → σ*C-H transitions (287.6 eV) where the image contrast 
is dominated by molecular orientation.  
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Figure 7 X-ray absorption images at 287.6 eV and corresponding NEXAFS spectra 
of HC films, thermally evaporated on NaCl (001) face at different substrate 
temperatures. (a) Ts = RT, (b) Ts = 36°C, (c) Ts = 40°C, (d) Ts = 45°C, (e) Ts = 48°C, (f) 
Ts = 60°C. The HC films are uniform up to Ts = 45°C as revealed by the optical density 
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at 330 eV for spectra of dark and light domains in each image. The HC films are not 
uniform at Ts = 48°C and 60°C. 
 
In the HC film prepared on a room temperature substrate (Ts = RT; Figure 7(a), 
image), many small domains are observed, with a visually estimated domain size of 
~50 nm. NEXAFS spectra extracted from dark and light domains (Figure 7(a), right) 
shows that the sample has a uniform thickness (similar optical density at 320 eV) and 
that the contrast arises from molecular orientation alone. When the HC sample was 
deposited on a slightly warmed NaCl(001) substrate (Ts = 36°C, Figure 7(b), image; Ts 
= 40°C, Figure 7(c), image), the lateral size of the oriented domains increases slightly 
(~100 nm to ~1 micron). The continuum of the NEXAFS spectra for these samples 
(Figures 7(a), 7(b) and 7(c), spectra) is similar for the light and dark domains, 
indicating that the thickness of the domains is the same. In these spectra, the Carbon 1s 
→ σ*C-H band (at 287.6 eV) and the Carbon 1s → σ*C-C band (at 293.5 eV) all show 
strong linear dichroism from in-plane molecular orientation. However, the contrast 
varies because the samples are not aligned identically with the electric field vector in 
the image.  
In the Figure 7(c) image, it appears that one orientation – the light domains – is 
predominant over the dark domains. The size of the dominant oriented domain 
increases further as the deposition substrate temperature is increased to 45°C (see 
Figure 7(d) image). Only a small portion of defects with an orthogonal orientation are 
present, visible as small white patches in the Figure 7(d) image. In fact, this sample 
consists of a major phase oriented in one direction over the range of 50 – 100 microns, 
with small orthogonally oriented defects, as well as some larger (10-20 micron) regions 
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oriented orthogonally. The sample thickness remains uniform. The contrast in this 
pattern sample inverts when the sample is rotated. 
The increase in domain size with increasing Ts has also been observed by other 
researchers.34 The Ts can be viewed as supplying kinetic energy required by the 
deposited molecules to move along the substrate surface. At low substrate temperature, 
the molecular movement on the substrate is limited and many crystallization nuclei are 
formed. At high substrate temperature, the movement of molecules along the substrate 
surface is enhanced and only a limited number of nuclei are formed, therefore, the size 
of domains becomes larger.   
The domain size (A) is related to the Ts by52,53  
χ





 −
∝
F
kTEDA sa )/exp(0        (6) 
where D0 is the pre-exponential factor, Ea is the diffusion energy barrier, k is the 
Planck constant, χ is an exponent and less than 1, Ts is the substrate temperature, and F 
is the deposition rate. D0 and Ea are affected by the substrate materials. As seen from 
Eq. (6), increasing Ts has the possibility to increase the domain size.   
When the substrate temperature was increased further to 48°C and 60°C, the 
corresponding X-ray absorption images and extracted X-ray absorption spectra from 
corresponding images are shown in Figure 7(e) and Figure 7(f), respectively. The 
images contain pebble-like voids. The corresponding NEXAFS spectra (Figure 7(e) 
and 7(f) spectra) reveal that up to Ts = 60°C, the HC molecules are still laterally-
oriented although thickness differentiation occurs.  
Figure 8 presents typical X-ray microscope images (left column) and 
corresponding X-ray absorption spectra (right column) of an HTC film prepared by 
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epitaxial growth on NaCl (001) face at room temperature (Ts = RT) and at 40oC (Ts = 
40°C).  
 
Figure 8 X-ray absorption image at 287.6eV and corresponding NEXAFS 
spectra of HTC films, thermally evaporated on NaCl (001) face at different substrate 
temperatures. (a) Ts = RT, (b) Ts = 40°C. The HTC film is not uniform at Ts = RT, but 
uniform at Ts = 40°C. 
The HTC thin films prepared at room temperature are not uniform, and show 
domains with lateral- and normal-orientation as described in §3.2. For the HTC film 
deposited at Ts = 40°C, the image contrast is decreased, and the NEXAFS spectra 
extracted from different domains (Figure 8(b) spectra) are similar. Specifically, the 
intensity of the Carbon 1s → σ*C-H transitions indicate that the chains are ~normal to 
the sample surface, and the continuum intensity shows that the thickness is nearly 
uniform. Slight differences in the Carbon 1s → σ*C-H transitions are observed for 
different regions. These are due to different contributions of crystalline peaks; 
following the observation of Ade et al.47 The normal orientation is consistent with the 
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result of Ueda et. al.,4 where an HTC film heat treated at 50°C (24°C below HTC 
melting point), changes from a raft-like structure into small blocks, and the molecular 
orientation changes from lateral to normal orientation. 
In the case of HC thin films deposited at Ts up to 60°C, HC molecules remain 
laterally oriented. This leads us to conclude that the strong interaction between the HC 
molecules and NaCl surface is the key to hold the HC molecules along the surface. A 
smaller domain size and the film thickness variation are observed at higher Ts. This 
might be due to the kinetics of film growth. At high Ts, the adsorbed molecules might 
obtain the necessary kinetic energy to migrate along the substrate surface, to re-
evaporate to the vapor phase, or condense on the top of the existing clusters. 
Alternatively, this may be an example of an Ostwald-like ripening process, where 
domains of one orientation gain at the expense of the other orientation. Resolution of 
this question will require further study, as the thin film structure is influenced by many 
other factors such as deposition rate, film thickness, and the combination of deposit and 
substrate materials.   
In the case of HTC, at Ts = RT, some of the HTC molecules adopt a normal 
orientation due to the relatively weak interaction between HTC molecules and 
substrate. This is expected as HTC is much shorter then HC, and the molecule-
substrate interaction is expected to scale with the number of CH2 groups. At Ts = 40°C, 
all of the HTC molecules gain enough energy to overcome the interaction with the 
substrate and become normal-oriented. The fact that HTC molecule’s orientation 
changes from lateral at Ts = RT to normal at Ts = 40°C leads us to conclude that if a 
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weaker molecule-substrate interaction exists, then the substrate temperature (Ts) plays 
an important role in defining the molecular orientation of linear alkanes.  
Conclusions: 
The morphology and molecular orientation of linear alkanes on NaCl (001) surface 
have been investigated by NEXAFS spectroscopy and microscopy. Both the chain 
length and substrate temperature affect the morphology and molecular orientation. This 
phenomenon is rationalized by considering the relative contribution of enthalpy and 
entropy to the free energy associated with the different molecular orientation. The 
strong interaction between the longer chain (HC) molecules and NaCl (001) surface is 
responsible for the lateral orientation in the investigated substrate temperature range. 
For shorter chains (HTC), the weaker interaction with the substrate leads to a stronger 
role of the substrate temperature, Ts, in defining the molecular orientation. Based on 
the morphology observed, at Ts = RT, the longer chain films (HC) grow by Frank-van 
der Merwe growth mode, while for shorter chain (HTC), grows by Volmer-Weber 
mode.  
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3.6 Conclusions  
LD in the NEXAFS spectroscopy of n-alkane thin films has been studied for HC 
thin films.  HC thin films were prepared by epitaxial growth on cleaved NaCl (001) 
surface. The HC molecules are laterally oriented on the NaCl surface along two 
equivalent crystallographic <110> and <110> directions of the NaCl (001) surface. 
Large orientational domains were obtained when this thin film was prepared on cleaved 
NaCl (001) surface at an elevated substrate temperature (Ts = 45°C).  
The analysis of the angular dependence NEXAFS spectra reveals that TDM of the 
C 1s → σ*C-C transition at 293.5 eV in n-alkane molecules is oriented along the 
macromolecular axis, most closely corresponding to the molecular orbital model and 
explicitly excluding the building block model. In addition, four features are revealed 
below the C 1s IP. The first two features exhibit a strong LD with the transition 
intensity nearly zero when the E vector is along the macromolecular backbone. The 
third feature exhibits a weak, opposite LD compared to the first two features. The 
fourth feature is unexpectedly broad, but is necessary to achieve the best fit. Its origin 
is not clear. 
ab initio calculations have been carried out on an isolated nonane molecule, 
nonane cluster, and propane cluster. The calculations of the isolated nonane molecule 
with minimal basis set reveal that the transition dipole moment of the C 1s → σ*C-C 
transition is along the macromolecular axis. Four features below the C 1s IP for n-
alkanes were revealed in the condensed phase. Detailed analysis of the orbital size, 
singlet-triplet energy separation, and oscillator strength of these features reveals that 
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the first two pre-edge features are dominated by valence character. The transition 
dipole moment of these two resonances is oriented in the CH2 plane, perpendicular to 
the macromolecular axis. The third transition is of Rydberg character, whose transition 
dipole moment is along the macromolecular axis. These results are consistent with our 
experimental linear dichroism for these features. 
It is found that the molecular orientation of n-alkanes in the thin films is strongly 
dependent on the interaction between the molecule and substrate. The stronger the 
interaction, the more likely lateral molecular orientation is formed. This interaction 
depends on the n-alkane chain length and the substrate materials. Therefore, at Ts = 
RT, the HC molecules are all laterally oriented on the cleaved NaCl (001) surface, 
while HTC molecules are only partially laterally oriented on the cleaved NaCl (001) 
surface. However, at elevated substrate temperature, if the interaction between the 
substrate and deposit is not strong enough, the thermal energy of the molecules may 
overcome this weak interaction, i.e. the normal orientation is formed in preference to 
lateral orientation. That is the case for the HTC thin films prepared at Ts = 40°C. 
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3.7 Future work 
In-situ STXM measurement  
It has been shown in §3.5 that the morphology of n-alkane thin films changes with 
the substrate temperature. An in-situ X-ray microscopy study of these thin films is 
intended to understand how the n-alkane morphology changes with temperature and to 
study the phase transition of n-alkanes. A STXM microscope compatible with the in 
situ heating cell has been designed and will be used to investigate the temperature 
effect on the morphology of n-alkane thin films. Figure 3.16 shows the structure of the 
in situ heating cell. 
 
Figure 3.16 Structure of the in situ heating cell, compatible with the STXM 
microscope. 
Theoretical calculations 
Experiments (Zou et al. 2006) have shown a great difference in the C 1s → σ*C-
H/Rydberg region in the NEXAFS spectra of two alkane crystals n-C19H40 and n-
C40H82. The spectrum of n-C40H82 has a doublet splitting of ~0.6 eV, whereas the 
splitting of the doublet increases to ~0.9 eV in the spectrum of n-C19H40 with a third 
component developing into a recognizable feature at intermediate energy. These 
differences might be ascribed to the crystal structure associated with the different 
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length. Theoretical studies are needed in order to show that the subtle change in the 
crystal structure can substantially affect the electronic structure of n-alkanes. 
 These theoretical studies are intended to be carried out on nonane clusters. These 
clusters are designed based on different n-alkane crystal structures. To begin with, 
three sets of calculation are under consideration: 
(1) orthorhombic structure: a = 7.40 Å, b = 4.93 Å, a/b = 1.501, θ =48° 
(2) hexagonal structure: a = 8.30 Å, b = 4.79 Å, a/b = 1.732, θ =45° 
(3) orthorhombic structure: a = 7.4 Å, b = 4.93 Å, a/b = 1.501, θ =45° 
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Appendies 
The appendies present those results that are pertinent to this project, but did not meet 
the intended objectives. These results include the unsuccessful experiments that failed 
to produce lateral orientation (§A1) or failed to produce large domains (§A2 and §A3). 
SVD mapping (§A4), atomic force microscopy (§A5), and polarized light microscopy 
(§A6) of HC thin films prepared on cleaved NaCl surface.  
A1. Other substrates used for epitaxial growth of HC thin films 
A1.1 HC films prepared by comelting with benzoic acid (BA) 
Though laterally oriented HC molecules were obtained on solution-cast KHP 
crystals and on a cleaved NaCl (001) surface, the size of domains was too small for a 
series of NEXAFS spectra from the same sample area. The ideal substrate would be 
such that the HC molecules grown on it would only have one orientation or where the 
domain sizes are much larger. It is reported (Moss et al. 1984) that polyethylene (PE) 
grew on benzoic acid (001) face with only one direction (Wittmann et al. 1983; 
Wittmann et al. 1990) Therefore, benzoic acid was the third substrate we have tried for 
the growth of HC molecules.  
The C 1s NEXAFS spectra of HC thin film prepared by comelting with BA 
substrate are shown in Figure A.1. BA has a high vapor pressure and cannot be 
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prepared in vacuum. Because the HC thin film was prepared by comelting and then 
transferred to Si3N4 membrane windows, it is necessary to verify that the thin film was 
HC and not BA. The NEXAFS spectrum is similar to the typical spectrum of HC as 
shown in §3.2.2, indicating that the sample on the Si3N4 membrane windows is HC. If 
BA were present on the membranes, a sharp peak at 285 eV, corresponding to the C 1s 
→ pi*C=C transition, would be observed. 
Figure A.1 C 1s NEXAFS spectra of HC thin films, prepared by comelting with BA, 
before (solid line) and after (dashed line) the sample was rotated by 90° 
 
The C 1s → σ*C-H transitions exhibit maximum intensity regardless of the rotation, 
indicating that the HC molecules prepared by comelting with BA were normal to the 
substrate surface. This experiment had failed, as laterally oriented chains were desired. 
Since laterally oriented samples have been achieved on other substrates (§3.2.3.1 and 
§3.2.3.2), this BA substrate was not pursued further.  
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A1.2 HC films prepared on solution-cast p-bromo benzoic acid (p-BBA)  
p-bromo benzoic acid (p-BBA) has been used as the substrate for epitaxial growth 
of long chain molecules, such as PE (Wittmann et al. 1990). The PE thin films only 
exhibit one molecular orientation when grown on the p-BBA substrate. We have used 
the solution-cast p-BBA thin film as the substrate to prepare laterally oriented HC thin 
films. We wish to get larger, laterally oriented domains. Figure A.2 presents the C 1s 
NEXAFS spectra of HC films prepared on solution-cast p-BBA before (solid line) 
sample rotation, sample rotation 45° (dashed line), and sample rotation 90° (dotted 
line). These three spectra exhibit similar contour and peak positions. The dominance of 
C 1s → σ* C-H transitions did not change with respect to the rotation, indicating that the 
HC molecules prepared on solution-cast p-BBA substrate were normally oriented to the 
substrate surface (cf. Figure 3.2(a)), which is similar to the HC film prepared on BA. 
This substrate failed to induce lateral orientation of HC thin films. 
Figure A.2 C 1s NEXAFS spectra of HC films prepared on solution-cast p-BBA, at 
different rotation angles 
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A1.3 HC films prepared on evaporated p-phenyl benzoic acid (p-PBA) 
The selection of p-phenyl benzoic acid (p-PBA) is based on its structure being 
similar to benzoic acid and it has been reported (Wittmann et al. 1990) that PE 
epitaxially grows from solution on the surface of p-PBA with only one molecular 
orientation. We have tried to grow HC thin film on evaporated p-PBA substrate in 
vacuum. Figure A.3 shows two X-ray absorption images at 287.6 eV and 330 eV of 
HC sample prepared on evaporated p-PBA substrates. Image contrast is appreciable in 
both images. The presence of image contrast in the 330 eV image indicates that the 
sample is not uniform. No more measurements were carried out on this sample.  
 
Figure A.3 X-ray absorption images of HC films prepared onto evaporated p-PBA 
substrates. (left: image was taken at 287.6 eV, right: image was taken at 330 eV) 
A1.4 HC films prepared on evaporated KCl thin film 
In analogy to HC films on cleaved NaCl (001) face, HC films were also formed on 
evaporated KCl thin films. We expected that the HC films formed on evaporated KCl 
thin films would have the lateral orientation just like on cleaved NaCl (001) surface. 
Figure A.4 shows NEXAFS spectra of HC crystals grown on evaporated KCl before 
(solid line) and after (dashed line) the sample holder was rotated by 90°. The 
dominance of C 1s → σ*C-H transitions in these two spectra indicates that the HC 
molecules are normally oriented on the evaporated KCl thin films.  
2 µm 2 µm 
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Figure A.4 NEXAFS spectra of HC thin film, prepared on evaporated KCl film 
A1.5 HC films prepared on bare Si3N4 membrane 
The HC thin films were also prepared on bare Si3N4 membrane windows. Figure 
A.5 (a) shows a typical X-ray absorption image of an HC sample on a bare Si3N4 
membrane at 287.6 eV. There is no sample in the white region, which is the open area. 
A NEXAFS spectrum of this sample is shown in Figure A.5 (b) in which the C 1s → 
σ*C-H transitions dominate and this domination is independent of rotation angle, 
indicating that the HC molecules in this sample were normally oriented on the substrate 
surface. 
 
Figure A.5 X-ray absorption image of HC on Si3N4 membrane windows and X-ray 
absorption spectrum 
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A2. HC thin film prepared on EDTA chelating KHP substrate 
In order to increase the domain size of the HC thin film prepared on KHP 
substrate, the KHP substrate was chelated with EDTA. It was expected that larger KHP 
crystals would form and could be cleaved just like the NaCl single crystal. Figure A.6 
shows an X-ray absorption image of an HC thin film prepared on EDTA-chelating 
KHP substrate. This image was taken at 287.6 eV. Dark and light domains were 
visible. These domain sizes were in the range up to 1 µm. The domain size on this 
substrate did not improve. 
 
Figure A.6 X-ray absorption image of HC on EDTA-chelated KHP substrate.  
 
A3. HC thin film prepared on TA substrate with elevated Ts 
In order to increase the domain size, HC thin films were prepared on a TA 
substrate at elevated substrate temperatures. Figure A.7 showed the X-ray absorption 
images of HC thin films prepared on TA substrate at Ts = 36°C (left) and Ts = 54°C. 
These images were acquired at 287.6 eV. In both images, dark and light domains were 
visible. The domain size was estimated to be around several tens of nanometers. 
 
 
2 µm 
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Figure A.7 X-ray absorption images of HC prepared on TA substrates at elevated 
substrate temperature. (left) Ts = 36°C, (right) Ts = 54°C 
A4. Mapping of HC prepared on NaCl substrate 
The Beer-Lambert optical absorption law described in Eq. (1.5) and Eq. (1.6) is the 
basis of the quantitative mapping in the X-ray absorption microscopy since the optical 
density of a multicomponent sample (chemical components and orientational 
components) is a superposition of the optical density of each component, weighted by 
its mass absorption coefficient at the photon energy used. The OD of a sample 
containing j noninteracting components is given by (Koprinarov et al. 2002)  
 nnn
j
n
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∑
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=                                                                                          (A.1) 
where tn is the thickness of each component with mass absorption coefficient µn at 
energy E and density ρn. For a sample with only one chemical species and uniform 
thickness, the linear relationship between optical density (OD) and mass absorption 
coefficient µ(E) will allow a quantitative analysis of orientational components present 
in the sample.  
2 µm 2 µm 
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To carry out quantitative analysis, the NEXAFS spectra are recorded for each pure 
component. X-rays images of a multi-orientation-component sample of unknown 
spatial distributions are then recorded at a number of energies and chemical maps are 
derived by appropriate comparison to linear combinations of the mass absorption 
coefficients of the components. 
Different mathematical methods can be used to obtain components maps from sets 
of X-ray spectromicroscopy images. Singular value decomposition (SVD) has been 
successfully used to quantitatively map the polypropylene and poly (acrylic acid) 
system (Koprinarov et al. 2002). Zhang et al (Zhang et al. 1996) applied SVD to 
examine the content and distribution of DNA and protein in mature mammalian sperm 
cells from images recorded at a few photon energies. Buckley and coworkers (Buckley 
et al. 1997) applied SVD to map the organic (protein) and inorganic (calcium ions) 
components of tissue.  
The result of applying SVD to a sequence of X-ray images is a set of component 
maps, each of which is a plot of the density-thickness product. After correction for 
density, these maps provide component distribution in the selected sample area 
(Koprinarov et al. 2002). 
The methodology of SVD is encoded in Analysis of X-ray Images and Spectra 
(aXis) program (Hitchcock 2000). In order to investigate the crystal domain size and 
distribution of the orthogonally oriented HC crystal domain prepared on cleaved NaCl 
(001) face, SVD has been used to map the HC sample prepared on NaCl with Ts = RT 
and Ts = 45°C. The spectroscopic basis to distinguish the orientational components is 
presented in Figure A.8, which plots the C1s NEXAFS spectra of HC sample with two 
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orientations in optical density unit: macromolecular backbone parallel to the electric 
field vector E (solid line) and macromolecular backbone perpendicular to E (dashed 
line). The spectrum of HC sample with macromolecular chain parallel to E is 
dominated by a broad resonance at 293.4 eV, which is attributed to the C 1s → σ*C-C 
transition. When the HC macromolecular backbone is perpendicular to E, the NEXAFS 
spectrum is dominated by two sharp resonances at 288 eV, which is assigned to the C 
1s→σ*C-H transition. 
 
 
 
 
 
 
Figure A.8 NEXAFS spectra of HC sample with two orientations with respect to 
electric field vector E. Component 1 (solid line) with macromolecular chain parallel to 
E and component 2 with macromolecular chain perpendicular to E. 
 
 Figure A.9 compares these two orientational component maps of HC sample 
prepared on cleaved NaCl (001) face with Ts = RT  
(a)                                                 (b)                                                (c) 
Figure A.9 (a) Transmission STXM image at 300 eV of HC sample prepared at Ts = RT 
(b) Component 1 (HC macromolecular backbone parallel to E) and (c) Component 2 
(HC macromolecular backbone perpendicular to E) maps derived by applying SVD to 
image (a) 
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Figure A.9 (a) is a transmission image at 300 eV, at which the two orientational 
components absorb photons nonpreferentially so that in the dark gray sample area no 
contrast is observed. The light gray area is open area, no sample present. The two 
components derived from SVD are presented in Figure A.9 (b) and (c), respectively. 
Image contrast is observed in both maps. The dark domains absorb more photons, 
indicating that the HC molecules in such domains are parallel to E. In the light 
domains HC molecules are perpendicular to E. In both maps, the dark and light 
domains are close to each other and of the submicron size. 
 Figure A.10 compares these two orientational component maps of HC sample 
prepared on cleaved NaCl (001) face with Ts = 45°C.  
                (a)                                                  (b)                                              (c) 
Figure A.10 (a) Transmission STXM image at 300 eV of HC sample prepared at Ts = 
45°C (b) Component 1 (HC macromolecular backbone parallel to E) and (c) 
Component 2 (HC macromolecular backbone perpendicular to E) maps derived by 
applying SVD to image (a) 
 
From the orientation maps presented in Figure A.10 (b) and (c), it is clear to see 
that the single orientation domains start to coalesce and become larger compared with 
those presented in Figure A.9 (b) and (c). 
2µm 
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A5 Atomic Force Microscope images of HC on NaCl 
A5.1 AFM images of cleaved NaCl 
The substrate surface topography has a direct influence on the orientation of a 
deposit. Substrates with a large smooth surface are suitable for nucleation of epitaxy. 
Atomic force microscopy (AFM) can be used to characterize the surface topography of 
substrates. AFM (Ward 2001) is a method to characterize the surface structure of non-
conductive materials. A two-dimensional image is acquired by scan-rasting the tip over 
a specified area of the sample. Figure A.11 presents non-contact mode AFM image of a 
cleaved NaCl surface. It is possible to obtain large scale flat surface. 
 
Figure A.11 Non-contact mode AFM image of cleaved NaCl (001) surface. 
A5.2 AFM images of HC films prepared on cleaved NaCl with different Ts 
 
Morphology of hexacontane epitaxially grown on graphite surface by spin-casting 
of diluted HC solutions has been studied by tapping mode AFM (Magonov et al. 2003). 
Epitaxial alkane layers formed directly on the substrate surface were characterized by 
lamellar morphology. Imaging of the alkane films at elevated temperatures revealed 
that nanocrystals melted around 95°C, while the epitaxial layers were observed at 
temperature up to 140 °C. We have used the AFM microscope to characterize the HC 
5 µm 
Z-range: 22.7nm 
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sample prepared onto cleaved NaCl (001) at different substrate temperature. The non-
contact mode AFM images are presented in Figure A.12. The size of these two images 
is 4 µm × 4 µm. The left showed the AFM image of HC thin films prepared on NaCl at 
Ts = 45°C. The contrast in this image is more uniform. The rod structure exhibits a 
long range order. The rod structures are all in the same direction. The right showed the 
AFM image of HC thin films prepared on NaCl at Ts = RT. This image exhibits a 
somewhat rough surface. The rod structure only showed short range order. Orthogonal 
rod structures are visible. These AFM images of HC thin films prepared at different 
substrate temperature support the NEXAFS spectroscopy and microscopy results that 
the domain size increases with the increasing substrate temperature. 
 
Figure A.12 Non-contact AFM images of HC sample prepared on cleaved NaCl (001) 
at different substrate temperature. (left) Ts = 45°C, (right) Ts = RT.  
A6 Polarized light microscopy of HC samples  
 
 The polarized light microscopy (PLM) is an optical technique of measuring 
orientation in an optically anisotropic sample, in which the refractive index (n) varies 
with the molecular orientation. Crystalline material is usually anisotropic due to the 
large degree of ordering in their structure. For example, the refractive index along the 
1 µm 1 µm 
Z-range: 98.3nm Z-range: 539.5nm 
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orthorhombic unit cell axis is na = 1.514, nb = 1.519, and nc = 1.575 for the 
orthorhombic n-C36H74 crystal (Bunn et al. 1954).   
       In PLM, two polarizing lenses are inserted into the optical path, one in the 
incoming light – polarizer, and one between the sample and eyepiece – analyzer. When 
the analyzer is perpendicular to the polarizer, this is called ‘crossed polarized’. That is, 
the polarizer only transmits light that is polarized in one direction and the analyzer only 
transmits light that is polarized in the perpendicular direction. If the sample is isotropic, 
when using crossed polarizer, no light will pass through the sample and a dark field of 
view will be seen in the eyepieces. However, for an anisotropic sample, the retardation 
of light by the different refractive index is different, thus the new light emerging from 
the sample is deviated from the incident light, allowing the light to pass through the 
analyzer. The contrast observed in the PLM images for a crystalline material is due to 
the different optical path of the sample with the media, causing by their different 
refractive index.  
Figure A.13 presents the polarized light microscopic images of HC sample 
prepared onto cleaved NaCl (001) surface at Ts = 45°C. These measurements were 
performed using a Nikon Metallurgical ECLIPSE ME600P Microscope, in which the 
polarization of the light passing through the polarizer can be left-right and up-down in 
the horizontal plane, while the polarization of the light passing through the analyzer 
only has one direction: up-down. When the light is polarized left-right in the sample 
plane (cross polarized), many small patches are visible (Figure A.13, left), whereas in 
the right image, where the light is polarized up-down in the sample plane (parallel 
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polarized), such patches disappear. The on-off of the small patches with the orientation 
of the light indicated that the sample was dominated by one orientation. 
This image is the same sample area as shown in Figure 3.12. The shapes, the 
domains, the defects in both images are the same, demonstrating that polarized light 
microscopy can be used to estimate the orientation domains. 
 
Figure A.13 Epi-polarized light microscopic images of the HC thin film prepared on 
cleaved NaCl at Ts = 45°C 
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